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Abstract	  
	  
Opioids	  such	  as	  morphine	  remain	  among	  the	  mainstay	  treatments	  for	  management	  of	  
moderate	   to	   severe	   pain.	   However,	   the	   long-­‐term	   use	   of	   opioids	   is	   limited	   by	   the	  
development	   of	   severe	   adverse	   effects	   such	   as	   tolerance	   and	   addiction.	   Numerous	  
studies	  have	  been	  devoted	  to	  understand	  the	  molecular	  and	  cellular	  mechanisms	  that	  
are	   responsible	   for	   MOPr	   signalling,	   short-­‐term	   regulatory	   events	   and	   cellular	  
adaptations	   that	   lead	   to	   opioid	   tolerance	   in	   order	   to	   develop	   analgesics	   with	   safer	  
therapeutic	  profiles.	  	  
	  
A	   large	   body	   of	   evidence	   indicates	   that	   activity	   of	   different	   opioids	   at	   the	   same	  
receptor	   does	   not	   always	   stimulate	   a	   similar	   set	   of	   signalling	   pathways.	   Indeed	  
agonists	  have	  various	  efficacies	  that	  can	  be	  different	  when	  the	  receptor	  interacts	  with	  
distinct	   signalling	   effectors,	   a	   phenomenon	   termed	   agonist	   bias	   or	   functional	  
selectivity.	  This	  discovery	  offers	  new	  approaches	   for	  development	  of	  novel	  pathway-­‐
selective	  drugs	  that	  stabilize	  particular	  conformations	  of	  the	  receptor	  while	  preferably	  
activating	   signalling	   pathways	   associated	   with	   therapeutic	   outcomes	   but	   not	   those	  
responsible	  for	  adverse	  effects.	  	  
	  
Although	  this	  concept	  is	  very	  interesting,	  the	  identification	  and	  quantification	  of	  biased	  
agonism	  still	  remains	  a	  challenge.	  Several	  analytical	  methods	  have	  been	  developed	  to	  
address	   this	   issue,	   but	   these	   methods	   are	   not	   applicable	   for	   all	   the	   agonists	   and	  
systems.	   In	   this	   study,	   different	   analytical	   approaches	   for	   bias	   quantification	   were	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compared	   for	   a	   range	   of	   MOPr	   agonists.	   MOPr	   agonists	   showed	   distinct	   bias	   for	  
different	   pathways.	   For	   example,	   Bilaid-­‐C2,	   a	   novel	   MOPr	   agonist,	   had	   similar	  
effectiveness	   to	   DAMGO	   for	   G-­‐protein	   activation	   but	   showed	   significantly	   lower	  
effectiveness	   for	   Ser375	   phosphorylation	   and	   βarrestin-­‐2	   recruitment	   and	   more	  
importantly	  was	  not	   able	   to	  promote	   receptor	   internalization.	   In	   contrast,	  morphine	  
did	  not	  display	  bias	  towards	  any	  pathways	  and	  had	  significantly	  lower	  effectiveness	  for	  
all	   pathways	   compared	   to	  DAMGO.	   The	  bias	   values	  determined	   in	   this	   study	   can	  be	  
used	  for	  future	  studies	  to	  translate	  the	  bias	  into	  physiological	  responses.	  Furthermore,	  
this	  study	  showed	  that	  operational	  model	   is	   the	  optimal	  approach	  to	  determine	  bias	  
when	  the	  agonist	  affinity	  value	  was	  fixed	  to	  the	  functional	  dissociation	  constant.	  	  
	  
The	   next	   part	   of	   the	   study	   investigated	   the	   off-­‐rate	   kinetics	   of	   MOPr	   agonists	   for	  
potassium	  current,	  Ser375	  phosphorylation	  and	  βarrestin-­‐2	  recruitment.	  Present	  study	  
illustrated	   that	   the	   kinetics	   of	   MOPr	   for	   these	   signalling	   pathways	   were	   ligand-­‐
dependent.	   Furthermore,	   there	   was	   a	   robust	   positive	   correlation	   between	   off-­‐rate	  
kinetics;	   agonists	   with	   greater	   time	   constant	   for	   G-­‐protein	   deactivation	   exhibited	  
relatively	   slower	  Ser375	  dephosphorylation	  and	  βarrestin-­‐2	  unbinding,	   suggesting	   that	  
higher	  agonist	  affinity	  for	  GIRK	  activation	  reflects	  sustained	  occupancy	  of	  MOPr	  in	  the	  
phosphorylated	  state	  with	  the	  greater	  affinity	  to	  interact	  with	  βarrestin-­‐2.	  	  
	  
In	  addition,	   the	   results	  provide	   strong	  evidence	   that	  duration	  of	   receptor	  occupancy	  
contributes	   to	  development	  of	  bias.	   Slowly	  dissociating	  agonists,	   e.g.	   endomorphins,	  
display	  greater	  bias	  towards	  endocytosis	  versus	  G-­‐protein	  activation,	  whereas	  rapidly	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dissociating	   agonists	   are	   more	   biased	   towards	   G-­‐protein	   activation	   and	   away	   from	  
βarrestin-­‐2	  recruitment	  and	  internalization.	  
	  
In	   summary,	   these	   findings	   underscore	   the	   prominent	   role	   of	   binding	   kinetics	   in	  
characterizing	  of	  bias	  profile.	  The	  present	  study	  demonstrated	  that	  off-­‐rate	  kinetics	  of	  
all	   signalling	   readouts	   are	   agonist	   dependent,	   suggesting	   that	   phosphorylation	   and	  
arrestin	   binding	   require	   agonist-­‐bound	   receptors.	   Moreover,	   duration	   of	   receptor	  
occupancy	   is	   highly	   associated	   with	   agonist	   ability	   to	   stimulate	   arrestin-­‐linked	  
pathways	  and	  could	  be	  used	  as	  a	  major	  determinant	  of	  biased	  agonism.	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1.	  INTRODUCTION	  
1.1.	  Opioid	  receptors	  
The	   analgesic	   and	   euphoric	   properties	   of	   the	   agonists	   extracted	   from	   opium	   poppy	  
have	  been	  recognized	  for	  centuries.	  However,	  the	  mechanisms	  underlying	  their	  severe	  
side	  effects	  including	  respiratory	  depression,	  constipation,	  tolerance,	  dependence	  and	  
addiction	  are	  still	  not	  resolved.	  	  
	  
Morphine	  was	  first	  isolated	  from	  opium	  poppy	  by	  Serturner	  in	  1804.	  Since	  then,	  many	  
derivatives	   of	  morphine	   with	   different	   potency,	   efficacy	   and	   pharmacokinetics	   have	  
been	  developed	  in	  hopes	  of	  introducing	  an	  analgesic	  devoid	  of	  side	  effects	  (Waldhoer	  
et	   al.,	   2004;	   Corbett	   et	   al.,	   2006).	   The	   term	   opiate	   specifically	   refers	   to	   any	   drug	  
directly	  derived	  from	  the	  opium	  poppy	  while,	  opioid	  refers	  to	  any	  drug	  that	  interacts	  
with	   opioid	   receptors	   including	   endogenous	   peptides	   and	   morphine	   derivatives	  
(Dhawan	  et	  al.,	  1996).	  	   
	  
1.1.1.	  Opioid	  receptor	  classification	  
Early	  studies	   in	  the	  1950s	  proposed	  that	  morphine	  and	  related	  opioids	  produce	  their	  
analgesic	   effects	   via	   specific	   binding	   sites	   (Beckett	   et	   al.,	   1954).	   In	   1970s	   it	   was	  
demonstrated	   that	   a	   range	   of	   agonists	   show	   distinct	   pharmacological	   activities,	  
suggesting	   of	   multiple	   opioid	   receptor	   types	   (Martin,	   1979).	   To	   date,	   three	   major	  
opioid	  receptors	  have	  been	  defined	  based	  on	  their	  pharmacological	  responses	  to	  the	  
series	   of	   opioid	   ligands.	   These	   receptors	   are	   now	   known	   to	   be	   encoded	   by	   distinct	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genes	   including	   μ-­‐	   (for	   morphine	   and	   also	   known	   as	   MOR),	   δ-­‐	   (for	   deferens,	   first	  
identified	   in	   mouse	   vas	   deferens,	   also	   known	   as	   DOR)	   and	   κ-­‐	   (for	   ketocyclazocine,	  
known	   as	   KOR)	   (Waldhoer	   et	   al.,	   2004).	   Later,	   another	   gene	   with	   more	   than	   60%	  
homology	   with	   classical	   opioid	   receptors	   was	   identified	   and	   added	   to	   the	   opioid	  
receptors	   family	   based	   on	   structural	   similarity	   with	   classical	   types.	   This	   group	   was	  
termed	   ORL1	   (opioid	   receptor-­‐like,	   known	   as	   NOR)	   and	   interacts	   with	   opioid-­‐like	  
ligands	  orphanin-­‐FQ	  or	  nociceptin	  but	  cannot	  interact	  with	  classical	  opioid	  agonists	  or	  
antagonists.	   More	   recently,	   the	   terms	   MOPr,	   DOPr,	   KOPr	   and	   NOPr	   has	   been	  
recommended	  by	  IUPHAR	  as	  the	  standard	  nomenclature	  (Cox	  et	  al.,	  2014).	  	  
	  
In	  1993	  μ-­‐opioid	   receptors	  were	  cloned	   for	   the	   first	   time	  and	  named	  MOPr-­‐1,	  which	  
contained	   four	  exons	   (Chen	  et	  al.,	  1993;	  Eppler	  et	  al.,	  1993;	  Thompson	  et	  al.,	  1993).	  
MOPr	  genetic	  knockout	  approaches	  demonstrated	  the	  key	  role	  of	  MOPr-­‐1	  in	  morphine	  
analgesia,	  where	  disruption	  of	  MOPr-­‐1	  gene	  diminished	  analgesic	  effects	  of	  morphine	  
(Kieffer	   et	   al.,	   2002).	   Other	   MOPr	   splice	   variants	   including	   MOPr-­‐1A	   and	   MOPr-­‐1B	  
were	  reported	  soon	  after	  MOPr-­‐1	  was	  cloned	  (Bare	  et	  al.,	  1994;	  Zimprich	  et	  al.,	  1995).	  
MOPr1	  and	  MOPr-­‐1A	  were	  detected	   in	   spinal	   cord,	  dorsal	   root	  ganglia	   (DRG)	  and	  all	  
the	  brain	   regions.	  The	  expression	  of	  MOPr-­‐1	  mRNA	  was	  significantly	  greater	   in	   locus	  
coeruleus	   (LC)	   neurons	   compared	   to	   other	   tissues.	   No	   significant	   differences	   were	  
observed	  in	  MOPr-­‐1A	  and	  MOPr-­‐1B	  expression	  among	  different	  regions,	  however	  the	  
MOPr-­‐1B	  was	  more	  concentrated	  in	  DRG	  and	  LC	  neurons.	  Overall,	  MOPr-­‐1	  and	  MOPr-­‐
1A	  were	  the	  predominant	  variants,	  while	  the	  expression	  of	  MOPr-­‐1B	  was	  less	  than	  two	  
other	   isoforms.	   Furthermore,	   morphine-­‐induced	   desensitization	   for	   all	   variants	   was	  
fast,	  while	  DAMGO-­‐induced	  desensitization	   for	  MOPr-­‐1B	  was	   slower	   than	   two	  other	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variants	   (Oldfield	   et	   al.,	   2008),	   suggesting	   that	   different	   variants	   distinctly	   promote	  
signalling	  pathways	   in	   a	   agonist-­‐dependent	  manner	   .	   It	   has	  also	  been	  proposed	   that	  
different	  variants	  are	  associated	  with	  distinct	  physiological	  responses.	  For	  example,	  Liu	  
et	   al.,	   by	   using	   exon-­‐specific	   knockdown	   demonstrated	   that	   MOPr-­‐1D	   is	   associated	  
with	  morphine-­‐induced	  scratching	  while,	  MOPr-­‐1	   isoform	   is	   important	   for	  morphine-­‐
induced	  analgesia	  (Liu	  et	  al.,	  2011).	  However,	  mRNA	  expression	  for	  MOPr-­‐1C	  or	  MOPr-­‐
1D	  were	  not	  detected	  in	  rat	  CNS	  (Oldfield	  et	  al.,	  2008).	  	  
	  
1.1.2.	  Cellular	  opioid	  receptor	  distribution	  
MOPr	  and	  KOPr	  are	  mainly	  localized	  at	  the	  plasma	  membrane	  in	  soma,	  dendrites	  and	  
nerve	   terminals.	   In	   contrast	   DOPr	   is	   predominantly	   localized	   within	   cells	   and	  
associated	  with	  vesicles	  (Williams	  et	  al.,	  2001).	  It	  has	  been	  established	  that	  receptors	  
in	  different	  parts	  of	  the	  cells	  show	  distinct	  functional	  actions.	  For	  example,	  activation	  
of	   MOPr	   localized	   in	   the	   somato-­‐dendritic	   compartment	   reduces	   the	   generation	   of	  
action	   potentials,	   whereas	   MOPr	   located	   at	   terminals	   have	   inhibitory	   effects	   on	  
transmitter	  release	  (Williams	  et	  al.,	  2013).	   In	  addition,	  different	  signalling	  events	  can	  
be	  associated	  with	  cellular	  receptor	  distribution.	  	  
	  
Many	  studies	  have	  shown	  that	  morphine	  does	  not	  efficiently	  produce	  internalization,	  
however	  more	   recently	   it	   has	   been	   reported	   that	  morphine	   can	   promote	   rapid	   and	  
strong	  MOPr	  redistribution	  in	  dendrites	  of	  nucleus	  accumbens	  neurons	  but	  not	  in	  cell	  
bodies	   (Haberstock-­‐Debic	  et	  al.,	  2003).	  MOPrs	  are	  mainly	   found	   in	  presynaptic	  nerve	  
terminals.	  However,	  it	  has	  been	  shown	  that	  presynaptic	  and	  postsynaptic	  MOPrs	  may	  
interact	   differently	   with	   regulatory	   effectors.	   For	   example,	   acute	   desensitization	   of	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postsynaptic	   MOPrs	   in	   ventrolateral	   periaqueductal	   gray	   (vlPAG)	   was	   increased	   in	  
morphine-­‐treated	   animals	   while,	   desensitization	   was	   not	   observed	   in	   MOPrs	   from	  
presynaptic	  GABAergic	  terminals	  in	  either	  morphine-­‐treated	  or	  control	  rats	  (Fyfe	  et	  al.,	  
2010).	  	  
	  
1.2.	  Opioid	  receptor	  effectors	  
Opioid	   receptors	   are	   G-­‐protein	   coupled	   receptors	   (GPCRs)	   and	   interact	   with	   the	  
cellular	  effectors	  primarily	  through	  Gi/Go	  proteins.	  All	  three	  μ-­‐,	  δ-­‐	  or	  κ-­‐opioid	  receptors	  
generally	  couple	   to	  similar	  sets	  of	  effectors.	  Therefore	   the	  outcomes	  of	  activation	  of	  
any	   opioid	   receptor	   is	   more	   dependent	   on	   the	   G-­‐protein	   subtypes	   as	   well	   as	   the	  
effectors	  expressed	  in	  the	  specific	  cell	   line	  or	  tissue	  (Connor	  et	  al.,	  1999a).	  Activation	  
of	   opioid	   receptors	   produces	   a	   varying	   of	   signalling	   cascades	   including	   activation	   of	  
GIRK	  channels,	  blockade	  of	  voltage-­‐dependent	  calcium	  conductance	  and	  inhibition	  of	  
adenylyl	  cyclase.	  It	  has	  also	  been	  reported	  that	  opioid	  receptors	  regulate	  the	  activation	  
of	   protein	   kinase	   C	   (PKC)	   and	   the	  mitogen-­‐activated	   protein	   kinase	   (MAPK)	   cascade	  
(Fukuda	  et	  al.,	  1996;	  Li	  et	  al.,	  1996;	  Williams	  et	  al.,	  2001;	  Oldham	  et	  al.,	  2008).	  	  
1.2.1.	  G-­‐protein	  coupling	  to	  opioid	  receptors	  
Opioid	  receptors	  predominantly	  couple	  to	  the	  heterotrimeric	  pertussis	  toxin-­‐sensitive	  
Gαi/o	  subunits	  of	  GTP	  binding	  proteins,	  however	  coupling	  to	  the	  toxin-­‐sensitive	  Gs	  or	  Gq	  
proteins	   has	   been	   reported	   after	   prolonged	   opioid	   exposure	   (Connor	   et	   al.,	   1999a;	  
Christie,	  2008).	  Heterotrimeric	  G	  proteins	  are	  comprised	  of	  three	  subunits	  including	  α,	  
β	  and	  γ.	  G	  protein	  α-­‐subunit	  composed	  of	  a	  GTPase	  domain	  and	  a	  helical	  domain.	   In	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the	  resting	  state	  GDP	   is	  bound	  to	   the	  G-­‐protein.	  The	  activated	  receptor	  undergoes	  a	  
conformational	  change	  that	  allows	  G-­‐protein	  binding	  and	  catalyses	  GDP	  release	  from	  
Gα,	   followed	  by	  GTP	   substitution.	  Binding	  of	  GTP	   leads	   to	   dissociation	  of	  Gα	   and	  Gβγ	  
heterodimer.	   Both	   of	   the	   Gα	   and	   Gβγ	   subunits	   interact	   with	   cellular	   effectors	   and	  
mediate	   signalling	   pathways	   including	   inhibition	   of	   adenylyl	   cyclase,	   activation	   of	  
inwardly	  rectifying	  potassium	  channels	  (GIRK	  channels)	  and	  blocking	  the	  voltage-­‐gated	  
calcium	   channels	   (particularly	   CaV2.2	   and	   CaV2.1).	   The	   response	   is	   terminated	   by	  
hydrolysis	  of	  GDP	  to	  GTP	  by	  G	  protein	  α-­‐subunit	  (Oldham	  et	  al.,	  2008).	  	  
	  
1.2.2.	  Inhibition	  of	  adenylyl	  cyclase	  
Adenylyl	   cyclase	   is	   an	   important	   downstream	   effector	   of	   Gα	   subunit.	   Activation	   of	  
adenylyl	  cyclase	  results	  in	  formation	  of	  cyclic	  adenosine	  monophosphate	  (cAMP).	  This	  
was	  first	  established	  for	  opioid	  receptors	  in	  rat	  brain	  homogenate	  (Collier	  et	  al.,	  1974;	  
Sharma	  et	  al.,	  1975b;	  Cooper	  et	  al.,	  1982).	  At	  least	  nine	  isoforms	  have	  been	  identified	  
for	  mammalian	  adenylyl	  cyclase	  and	  their	  distribution	  is	  tissue-­‐dependent.	  The	  type	  Ι	  
and	  VΙΙΙ	  are	  mainly	  expressed	  in	  regions	  associated	  with	  memory	  and	  learning.	  Type	  ΙΙ	  
is	   predominantly	   synthesized	   in	   the	   brain	   and	   with	   lesser	   amount	   in	   the	   lungs	   and	  
olfactory	  epithelium.	  The	  other	  types	  are	  distributed	  in	  several	  tissues	  including	  brain,	  
heart,	   kidney	   and	   liver	   however	   their	   expressions	   in	   brain	   is	   less	   than	   Ι,	   ΙΙ	   and	   VΙΙΙ	  
(Sunahara	   et	   al.,	   1996;	   Bian	   et	   al.,	   2012).	   All	   adenylyl	   cyclase	   isoforms	   can	   be	  
stimulated	  by	  Gαs,	  however	  types	  Ι,	  V	  and	  VΙ	  are	  the	  only	  targets	  for	  Gαi/o.	  Moreover,	  
Gβγ	  subunit	  displays	  either	   inhibitory	   (Ι,	  V,	  VΙ	  and	  VΙΙΙ)	  or	  stimulatory	  (ΙΙ,	  ΙV	  and	  VΙΙ)	  
effects	   on	   different	   types	   of	   adenylyl	   cyclase	   (Sunahara	   et	   al.,	   2002;	   Watts,	   2002;	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Steiner	  et	  al.,	  2006).	  
	  
Inhibition	   of	   adenylyl	   cyclase	   induced	   by	   acute	   opioid	   exposure,	   modulates	   the	  
regulatory	   effects	   of	   hyperpolarization-­‐activated	   current	   (Ih).	   Ih	   is	   a	   cation	   non-­‐
selective	  current	  carried	  by	  Na+	  and	  K+	  and	  is	  activated	  by	  hyperpolarized	  potential	  and	  
depolarizes	  the	  membrane	  towards	  threshold	  with	  an	  inwardly	  directed	  current.	  cAMP	  
regulates	   the	  voltage	  dependence	  of	   the	  current	   in	  a	  PKA-­‐independent	  manner.	  The	  
current	   is	   being	   activated	   at	   less	   negative	   potential.	   Reduction	   of	   cAMP	   level	   by	  
opioids	  causes	  more	  negative	  potential	  and	  results	   in	  the	  decreasing	  of	  amplitude	  of	  
the	  inward	  current	  (Williams	  et	  al.,	  2001;	  Biel	  et	  al.,	  2009).	  The	  tetrodotoxin-­‐resistant	  
sodium	   current	   (TTX-­‐R	   INa)	   has	   been	   reported	   to	   be	   regulated	   by	   opioids	   with	   the	  
current	   reduced	  with	   acute	   opioid	   application	   (Gold	   et	   al.,	   1996).	  Moreover,	   opioid	  
receptor	   activation	   leads	   to	   inhibition	   of	   transmitter	   release	   via	   a	   cAMP-­‐	   and	   PKA-­‐
dependent	  mechanism	  (Williams	  et	  al.,	  2001).	  
	  
Acute	   and	   chronic	   administration	   of	   opioids	   has	   different	   regulatory	   effects	   on	  
adenylyl	   cyclase	   activity.	   Prolonged	   activation	   of	   opioid	   receptor	   induces	   adaptive	  
superactivation	  of	  adenylyl	  cyclase	  and	  consequently	  enhances	  the	  level	  of	  cAMP.	  This	  
was	  first	  determined	  after	  chronic	  morphine	  treatment	  in	  cultured	  cells	  (Sharma	  et	  al.,	  
1975a).	   The	   reduced	  cAMP	  concentration	   returns	   to	   the	  normal	   level	  during	   chronic	  
opioid	  application.	  This	  event	  may	  be	  associated	  with	  regulation	  of	  adenylyl	  cyclase	  by	  
Gβγ	   subunits.	   Therefore	   downstream	   effectors	   associated	   with	   cAMP	   produce	  
tolerance	  following	  continued	  opioid	  exposure	  (Watts	  et	  al.,	  2005;	  Christie,	  2008).	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1.2.3.	  Activation	  of	  potassium	  currents	  
Stimulation	  of	  all	  types	  of	  opioid	  receptors	  activates	  at	  least	  three	  potassium	  channels:	  
G	  protein-­‐activated	  inwardly	  rectifying	  potassium	  channels	  (GIRK),	  voltage	  dependent	  
potassium	  channels	  and	  calcium-­‐sensitive	  potassium	  channels	  (Williams	  et	  al.,	  2001).	  	  
	  
GIRK	   channels	   belong	   to	   the	   family	   of	   the	   inwardly	   rectifying	   K+	   channels	   (Kir1-­‐Kir7)	  
and	   are	   activated	   by	   Gβγ	   subunit	   released	   from	   Gi/o	   subclass.	   Four	   GIRK	   subunits	  
(GIRK1-­‐GIRK4)	   have	   been	   expressed	   in	   mammalian	   cells.	   GIRK1-­‐GIRK3	   are	   more	  
common	  subunits	  in	  the	  brain	  while	  GIRK4	  is	  expressed	  sparsely	  (Wickman	  et	  al.,	  2000;	  
Wickman	  et	  al.,	  2002;	  Lüscher	  et	  al.,	  2010).	  The	  GIRK	  family	   is	  composed	  of	  multiple	  
genes	  and	  can	  be	  expressed	  as	  different	  splice	  variants.	  For	  example,	   three	  different	  
splice	   variants	   of	  GIRK	   subunits	   have	   been	   found	   (GIRK2A-­‐C)	   in	   the	   brain	   and	   splice	  
variants	   of	   GIRK1	   have	   been	   also	   identified	   (Lesage	   et	   al.,	   1994;	   Wei	   et	   al.,	   1998;	  
Inanobe	  et	  al.,	  1999).	  Moreover,	  it	  has	  been	  demonstrated	  that	  GIRK1	  and	  GIRK3	  are	  
not	   able	   to	   be	   functional	   independently,	   thus	   they	   assemble	   into	   tetrameric	   forms	  
(GIRK1-­‐GIRK3	  or	  GIRK2	  -­‐GIRK3).	  However,	  GIRK2	  is	  the	  only	  subunit	  that	  can	  be	  formed	  
in	  either	  heterotetrameric	  or	  homotetrameric.	  Studies	  on	  GIRK2	  KO	  mice	  exhibited	  a	  
great	  reduction	  in	  GIRK	  current	  in	  most	  of	  the	  brain	  regions,	  suggesting	  that	  GIRK2	  has	  
a	  crucial	  role	  in	  generating	  GIRK	  currents	  (Lüscher	  et	  al.,	  2010).	  	  
	  
GIRK	   channels	   subunits	   comprise	   two	   transmembrane	   domains	   and	   a	   pore-­‐forming	  
loop,	  where	  both	  amino	  and	  carboxyl	  termini	  are	  intracellular	  and	  can	  interact	  with	  G-­‐
protein	  subunits	  (Luján	  et	  al.,	  2009).	  GIRK	  channels	  are	  expressed	  in	  dendritic	  spines	  in	  
the	  post-­‐synaptic	  densities	  of	  excitatory	  synapses	  as	  well	  as	  extra-­‐synaptic	  sites.	  GIRK	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channel	  activation	  mediated	  by	  GPCRs	  results	  in	  membrane	  hyperpolarization	  and	  thus	  
controls	  the	  neuronal	  excitability	  (Lüscher	  et	  al.,	  2010).	  	  
	  
The	   role	   of	   GIRK	   channels	   in	   antinociception	   was	   first	   implicated	   in	  weaver	   mutant	  
mice	  that	  carry	  a	  mutation	  in	  pore	  region	  of	  GIRK2.	  Analgesic	  effect	  of	  morphine	  and	  a	  
selective	  κ-­‐opioid	  agonist	  (U-­‐50488)	  in	  mutant	  mice	  was	  significantly	  lower	  in	  hot	  plate	  
and	  tail-­‐flick	  test	  compared	  to	  wild-­‐type	  mice	  (Ikeda	  et	  al.,	  2000).	  More	  recent	  studies	  
in	   GIRK	   KO	   mice	   demonstrated	   that	   lack	   of	   either	   GIRK1	   or	   GIRK2	   subunit	   in	   the	  
superficial	  layers	  of	  dorsal	  horn	  resulted	  in	  a	  significant	  decline	  in	  the	  expression	  of	  the	  
other	  subunit	  (GIRK3	  was	  not	  detected	  in	  this	  area).	  Furthermore,	  GIRK1	  and	  GIRK2	  KO	  
mice	  displayed	  decreased	  antinociceptive	  responses	  after	  intrathecal	  administration	  of	  
high	   doses	   of	   morphine,	   while	   the	   analgesic	   response	   to	   the	   lower	   doses	   was	  
preserved	  (Marker	  et	  al.,	  2004).	   It	  has	  been	  also	  reported	  that	  morphine	  withdrawal	  
syndrome	  was	  greatly	  diminished	  in	  LC	  neurons	  from	  GIRK2/3	  double	  knock	  out	  mice.	  
Moreover,	  although	  the	  concentration-­‐response	  curve	  for	  morphine-­‐induced	  analgesia	  
was	   shifted	   to	   the	   right	   in	   the	  GIRK2/3-­‐/-­‐	  (showing	   the	   loos	  of	  potency),	   the	  maximal	  
response	  did	  not	  change	  (Cruz	  et	  al.,	  2008).	  
	  	  
1.2.4.	  Inhibition	  of	  calcium	  current	  
Voltage-­‐gated	  calcium	  channels	  (VGCC)	  are	  one	  of	  the	  main	  mediators	  of	  pain	  pathway	  
in	  primary	  afferent	  neurons.	  VGCC	  mediates	  depolarization-­‐induced	  calcium	  influx	  into	  
neurons	   and	   other	   excitable	   cells.	   Unlike	   some	   other	   ion	   channels,	   in	   addition	   of	  
changing	  the	  membrane	  potential,	  VGCC	  can	  trigger	  many	  signalling	  events	   like	  gene	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transcription,	   neurotransmitter	   release	   and	   activation	   of	   calcium-­‐dependent	   kinases	  
such	   as	   calcium	   calmodulin-­‐dependent	   kinase	   II	   (CaMKII)	   and	  protein	   kinase	  C	   (PKC)	  
(Clapham,	  2007;	  Catterall,	  2011;	  Simms	  et	  al.,	  2014).	  VGCC	  has	  been	  classified	  based	  
on	  their	  biophysical	  properties	  into	  two	  major	  categories.	  Low	  voltage	  activated	  (LVA:	  
T-­‐type)	   channels	   require	   moderate	  membrane	   depolarization	   to	   open.	   High	   voltage	  
activated	   (HVA)	   channels	   require	   greater	   depolarization	   and	   subclassified	   into	   L-­‐,	   N,	  
P/Q-­‐	   and	   R-­‐type	   channels.	   HVA	   channels	   consist	   of	   a	   pore	   forming	   α1	   subunit	   plus	  
ancillary	  β	  and	  α2γ	  subunits,	  whereas	  LVA	  channels	  reveal	  no	  ancillary	  subunits	  (Simms	  
et	  al.,	  2014).	  The	  α1	  subunit	  forms	  the	  transmembrane	  pore	  and	  the	  biophysical	  and	  
pharmacological	  properties	  of	  the	  channels	  are	  mainly	  associated	  with	  this	  subunit.	  	  
	  
Activation	  of	  opioid	  receptors	  has	  been	  demonstrated	  to	  block	  mainly	  N-­‐	  and	  P/Q-­‐type	  
channels	   (Moises	  et	  al.,	  1994;	  Acosta	  et	  al.,	  1999;	  Wu	  et	  al.,	  2004).	  N-­‐type	  and	  P/Q-­‐
type	   channels	   are	   predominantly	   localized	   in	   the	   presynaptic	   terminals.	   The	   calcium	  
entry	   via	   VGCC	   triggers	   neurotransmitter	   release;	   therefore	   blockade	   of	   these	  
presynaptic	   channels	   produces	   analgesia	   (Zamponi	   et	   al.,	   2009).	   The	   inhibition	  of	  N-­‐	  
and	  P/Q-­‐type	  channels	   is	  membrane	  delimited	  and	  mediated	  by	  direct	  binding	  of	  G-­‐
protein	  βγ	  subunit	  to	  the	  α1	  subunit	  of	  the	  calcium	  channel	  (Dolphin,	  2003).	  	  
	  
1.3.	  μ-­‐opioid	  receptor	  regulation	  	  
1.3.1.	  Receptor	  desensitization	  
Sustained	  stimulation	  of	  receptors	  leads	  to	  acute	  loss	  of	  receptor	  responsiveness	  after	  
seconds	  to	  minutes,	  a	  process	  known	  as	  rapid	  desensitization.	  Rapid	  desensitization	  is	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a	   widespread	   phenomenon	   amongst	   GPCRs	   (Williams	   et	   al.,	   2001;	   Christie,	   2008;	  
Whistler,	   2012;	   Williams	   et	   al.,	   2013).	   A	   large	   body	   of	   evidence	   indicates	   that	   the	  
regulatory	  mechanisms	  of	  MOPr	  desensitization,	  phosphorylation	  and	  arrestin	  binding	  
are	   involved	   in	  development	  of	   tolerance.	   For	   example,	   disruption	  of	   β-­‐arrestin2	   (β-­‐
arr2)	   using	   knockout	   mice	   enhanced	   morphine	   anti-­‐nociception	   responses	   while	  
attenuated	  morphine	  analgesic	  tolerance	  (Bohn	  et	  al.,	  2000;	  Bohn	  et	  al.,	  2002).	  
	  
	  It	   has	   been	   demonstrated	   that	   the	   extent	   of	   MOPr	   desensitization	   varies	   between	  
different	   agonists.	   For	   example,	   electrophysiological	   experiments	   in	   LC	   neurones	  
showed	  that	  DAMGO	  and	  methadone	  greatly	  induce	  desensitization,	  while	  morphine	  is	  
a	  weak	  desensitizing	  agonist	   (Alvarez	   et	  al.,	   2002;	  Bailey	   et	  al.,	   2003).	  However,	   this	  
discrepancy	  in	  inducing	  desensitization	  is	  very	  dependent	  on	  factors	  such	  as	  cell	  types,	  
signalling	  pathways	  and	  the	  time	  that	  assessed	  (Raehal	  et	  al.,	  2011b).	  For	  example,	  30	  
min	   pre-­‐treatment	   of	   HEK-­‐293	   cells	   with	   DAMGO	   impaired	   their	   ability	   to	   inhibit	  
adenylyl	   cyclase,	   whereas	   30	   min	   morphine	   pre-­‐treatment	   did	   not	   alter	   adenylyl	  
cyclase	   activity	   (Whistler	   et	   al.,	   1998).	   In	   contrast,	   morphine	   and	   DAMGO	   both	  
produced	  similar	  levels	  of	  desensitization	  of	  GIRK	  current	  in	  HEK-­‐293	  cells	  and	  calcium	  
channels	   in	   AtT20	   cells	   (Borgland	   et	   al.,	   2003;	   Johnson	   et	   al.,	   2006).	   Noble	   and	   Cox	  
reported	  that	  MOPr	  desensitization	  differs	  in	  distinct	  brain	  regions.	  Chronic	  morphine	  
treatment	  reduced	  the	  ability	  of	  opioid	  agonists	  to	  induce	  adenylyl	  cyclase	  inhibition	  in	  
thalamus	   and	   periaqueductal	   gray;	  while	  MOPr	   desensitization	  was	   not	   observed	   in	  
caudate	  putamen	  and	  nucleus	  accumbens	  (Noble	  et	  al.,	  1996).	  
	  
The	  process	  of	  MOPr	  regulation	  is	  thought	  to	  be	  similar	  to	  the	  regulatory	  mechanisms	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of	   β2-­‐adrenoceptors.	   As	   outlined	   in	   Figure	   1.1,	   after	   agonist	   exposure;	   activated	  
receptors	   couple	   to	   G-­‐proteins	   to	   produce	   cellular	   responses.	   They	   are	   then	  
phosphorylated	  by	  different	  kinases	  predominantly	  G	  protein-­‐coupled	  receptor	  kinase	  
(GRK).	  Phosphorylated	  receptors	  exhibit	  a	  high	  affinity	  for	  interaction	  with	  regulatory	  
proteins,	   arrestins,	   and	   recruit	   these	  proteins	   to	   the	  membrane.	  Binding	  of	  arrestins	  
uncouples	   the	   G-­‐proteins	   from	   the	   receptors;	   attenuating	   G-­‐protein	   signalling	   and	  
leads	  to	  desensitization.	  The	  arrestin-­‐receptor	  complex	  can	  undergoes	   internalization	  
via	  clathrin-­‐dynamin	  dependent	  mechanism.	  Internalized	  receptors	  can	  recycle	  back	  to	  
the	  membrane	  and	  react	  as	  a	  functional	  receptor	  (resensitization).	  The	  mechanisms	  of	  
receptor	   resensitization	   include	   arrestin	   dissociation	   followed	   by	   receptor	  
dephosphorylation	   by	   phosphatases	   (Connor	   et	   al.,	   2004;	   Gainetdinov	   et	   al.,	   2004;	  
Christie,	  2008).	  	  
	  
Numerous	   mechanisms	   have	   been	   suggested	   to	   underlie	   desensitization.	  
Phosphorylation	   in	   specific	   residue	   of	   C-­‐terminus	   of	  MOPr	   is	   widely	   accepted	   to	   be	  
involved	   in	  agonist-­‐induced	  desensitization	   (Stadel	  et	  al.,	  1983;	  Zhang	  et	  al.,	  1996;	  El	  
Kouhen	  et	  al.,	  2001;	  Schulz	  et	  al.,	  2004).	  It	  is	  not	  thoroughly	  resolved	  whether	  receptor	  
phosphorylation	   by	   itself	   causes	   desensitization	   or	   by	   initiating	   arrestin	   recruitment	  
that	   causing	   steric	   hinderance	   of	   the	   binding	   site.	   It	   has	   been	   reported	   that	   MOPr	  
desensitization	  of	  GIRK	  currents	   requires	  both	   receptor	  phosphorylation	  and	  arrestin	  
binding	  (Kovoor	  et	  al.,	  1997).	  	  
	  
The	  extent	  of	  MOPr	  phosphorylation	  can	  vary	  when	  the	  receptor	  activated	  by	  different	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opioid	   agonists.	   Since	   phosphorylation	   is	   one	   of	   the	   key	   initial	   processes	   for	   rapid	  
desensitization,	  study	  of	  different	  kinases	  involved	  in	  this	  end	  point	  and	  understanding	  
of	   different	   pattern	   of	   agonist-­‐induced	   phosphorylation	   will	   provide	   an	   insight	   in	  
determining	  mechanisms	  of	  desensitization.	  
	  
	  
Figure	  1.1.	  Schematic	  diagram	  representing	  μ-­‐opioid	  receptor	  regulation	  
	  
The	  agonist-­‐activated	  receptor	  is	  phosphorylated	  by	  different	  kinases	  mainly	  G-­‐protein	  
receptor	   kinases.	   The	   phosphorylated	   receptor	   has	   a	   great	   affinity	   to	   interact	   with	  
arrestins	   and	   becomes	   a	   substrate	   for	   these	   regulatory	   proteins.	   Binding	   of	   arrestin	  
inhibits	   any	   further	   G-­‐protein	   coupling	   and	   subsequently	   desensitizes	   the	   agonist-­‐
receptor	   signalling.	   Internalized	   receptor	   can	  be	   recycled	  back	   to	   the	  membrane	  and	  
resensitize	  or	  degraded	  in	  lysosomes.	  Figure	  modified	  from	  Williams	  et	  al.,	  2013.	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1.3.2.	  Phosphorylation	  of	  μ-­‐opioid	  receptor	  
Acute	   and	   rapid	   MOPr	   desensitization	   is	   initiated	   by	   phosphorylation	   of	   specific	  
intracellular	   domains	   of	   receptor	   and	   in	   turn	   uncoupling	   of	   G-­‐protein	   from	   the	  
receptor.	   These	   events	   occur	   in	   seconds	   to	   minutes	   after	   receptor	   activation	   by	  
agonist	  and	  after	  approximately	  5	  minutes,	  desensitization	  reaches	  to	  the	  steady	  state	  
(Williams	   et	   al.,	   2013).	   As	   shown	   in	   Figure	   1.2,	   phosphorylation	   of	   around	   20	   sites	  
including	   Serine,	   Threonine	   and	   Tyrosine	   have	   been	   recognized	   near	   the	   carboxyl	  
terminus	  of	  MOPr	  that	  could	  contribute	  to	  receptor	  internalization	  and	  desensitization	  
(Koch	  et	  al.,	  2008;	  Williams	  et	  al.,	  2013).	  
	  
Several	   kinases	   such	   as	   G	   protein-­‐coupled	   receptor	   kinase	   (GRK),	   protein	   kinase	   C	  
(PKC),	   protein	   kinase	   A	   (PKA),	   c-­‐Jun	   N-­‐terminal	   kinase	   (JNK),	   extracellular	   signal-­‐
regulated	   kinase	   (ERK),	   calcium	   calmodulin	   kinase	   (CaMKΙΙ)	   and	   mitogen-­‐activated	  
protein	  kinase	  (MAPK)	  have	  been	  shown	  to	  mediate	  MOPr	  phosphorylation	  (Mestek	  et	  
al.,	  1995;	  Koch	  et	  al.,	  1997;	  Johnson	  et	  al.,	  2006;	  Koch	  et	  al.,	  2008).	  	  
	  
The	   extent	   of	   MOPr	   phosphorylation	   is	   dependent	   on	   the	   nature	   of	   the	   agonist	  
activating	  the	  receptor.	  It	  has	  been	  established	  that	  agonists	  such	  as	  DAMGO,	  fentanyl,	  
etorphine	   and	   methadone	   induce	   robust	   phosphorylation,	   whereas	   agonists	   like	  
morphine	   and	   buprenorphine	  weakly	   stimulate	   phosphorylation	   (Zhang	   et	   al.,	   1998;	  
Koch	   et	  al.,	   2001;	   Schulz	   et	  al.,	   2004;	   Johnson	   et	  al.,	   2006;	  Koch	   et	  al.,	   2008).	   It	  has	  
been	   proposed	   that	   the	   extent	   of	   receptor	   phosphorylation	   is	   dependent	   on	   the	  
intracellular	   kinases	   activated	   by	   the	   agonist.	   Some	   agonists	  may	   regulate	  MOPr	   by	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engaging	  GRK-­‐arrestin	  mechanisms,	  while	  others	  selectively	  engage	  non-­‐GRK-­‐arrestin	  
mechanisms	  (Williams	  et	  al.,	  2013).	  
	  
	  
 
	  
Figure	   1.2.	   Summary	   of	   potential	   phosphorylation	   sites	   contributing	   in	  
desensitization	  
	  
The	  coloured	  residues	  are	  established	  as	  the	  phosphorylation	  sites	  on	  MOPr.	  Ser355	  and	  
Thr357	   are	   probably	   phosphorylated	   by	   GRK2	   (Wang,	   2000).	   Ser363	   is	   constitutively	  
phosphorylated	   (Doll	   et	   al.,	   2011).	   Phosphorylation	   of	   Thr370	   and	   Ser375	   has	   been	  
directly	  shown	  using	  anti-­‐phospho	  antibody	  and	  dependent	  on	  the	  agonists	  is	  catalysed	  
by	  GRK2/3	  or	  GRK5.	  Figure	  from	  Williams	  et	  al.,	  2013.	  	  
	  
	  
	  
1.3.2.1.	  MOPr	  phosphorylation	  by	  G	  protein	  receptor	  kinase	  
Activation	   of	   GPCRs	   results	   in	   GRKs	   translocation	   to	   the	   plasma	   membrane	   that	  
initiates	  desensitization	  by	  phosphorylation	  of	   Ser/Thr	   residues.	   Seven	  GRK	   subtypes	  
are	  known.	  They	  are	  categorized	   into	  three	  subfamilies	  based	  on	  their	  sequence	  and	  
function,	  GRK1/7,	  GRK2/3	  and	  GRK4/5/6	  (Willets	  et	  al.,	  2003;	  Gainetdinov	  et	  al.,	  2004).	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GRK1/7	  are	  only	  found	  in	  retinal	  cells	  and	  GRK4	  is	  mainly	  found	  in	  testes	  and	  in	  lower	  
level	  in	  some	  brain	  regions	  and	  the	  kidneys.	  The	  other	  four	  GRK	  subtypes	  (GRK2/3/5/6)	  
are	  widely	  expressed	  in	  the	  body	  and	  are	  responsible	  for	  phosphorylation	  of	  most	  of	  
the	  GPCRs	  in	  the	  body	  (Pitcher	  et	  al.,	  1998;	  Gainetdinov	  et	  al.,	  2000).	  	  
	  
In	   vitro	   studies	   showed	   that	   GRK2	   and	   GRK3	   regulate	   homologous	   MOPr	  
desensitization	   (Kovoor	   et	   al.,	   1998;	   Zhang	   et	   al.,	   1998).	   Although	   in	   vivo	   study	   for	  
GRK2	   is	   limited	   due	   to	   the	   fetal	   death	   of	   GRK2	   knockout	   mice	   (Jaber	   et	   al.,	   1996;	  
Peppel	   et	  al.,	  1997),	  GRK3	  knockout	  mice	  displayed	   less	  analgesic	   tolerance	   to	   some	  
opioid	  agonists	  such	  as	  fentanyl	  and	  methadone	  (Melief	  et	  al.,	  2010).	  	  	  
	  
Many	   studies	   have	   reported	   that	   the	   extent	   of	   phosphorylation	   differs	   between	  
agonists.	  Ligands	  such	  as	  DAMGO,	  etorphine	  and	  fentanyl	  phosphorylate	  the	  receptor	  
more	  efficiently	  than	  morphine	  (Zhang	  et	  al.,	  1998;	  Whistler	  et	  al.,	  1999;	  Schulz	  et	  al.,	  
2004;	   McPherson	   et	   al.,	   2010).	   However,	   overexpression	   of	   GRK2	   greatly	   enhances	  
morphine-­‐induced	   phosphorylation	   (Zhang	   et	   al.,	   1998).	   The	  mechanisms	   underlying	  
these	  differences	  have	  not	  been	  completely	   resolved.	  Detecting	   the	  specific	   residues	  
that	  are	  phosphorylated	  by	  particular	  agonist-­‐activated	  kinases	  is	  a	  good	  approach	  to	  
address	  this	  question.	  Recent	  studies	  using	  site-­‐directed	  mutagenesis	  or	  phospho-­‐site	  
specific	  antibodies	  indicated	  that	  agonists	  that	  robustly	  stimulate	  arrestin	  recruitment,	  
efficiently	  phosphorylate	  a	  cluster	  of	  residues	  near	  Thr370	  -­‐	  Thr379	  in	  the	  C-­‐terminus	  
of	  MOPr	  (El	  Kouhen	  et	  al.,	  2001;	  Schulz	  et	  al.,	  2004;	  Lau	  et	  al.,	  2011).	  	  
	  
15
Mutation	  of	  serines	  and	  threonines	   to	  alanines	   from	  Ser363	   to	  Thr376	   in	  HEK-­‐293	  cells	  
strongly	  reduced	  DAMGO-­‐induced	  phosphorylation.	  Among	  these	  residues,	  Ser375	  had	  
the	  most	  effective	   impact	  on	  DAMGO-­‐induced	  pan-­‐phosphorylation	  and	  endocytosis,	  
suggesting	   that	   Ser375	   may	   be	   an	   important	   target	   for	   GRK	   phosphorylation	   (El	  
Kouhen	   et	   al.,	   2001).	   Moreover,	   site-­‐directed	  mutagenesis	   of	   the	   375STANT379	   motif	  
demonstrated	   that	   this	   multi-­‐phosphorylation	   site	   is	   necessary	   for	   the	   efficient	  
endocytosis	  and	  β-­‐arr2	  recruitment	  (Lau	  et	  al.,	  2011).	  Recently	  generated	  phospho-­‐site	  
specific	   antibodies	   demonstrated	   that	   Ser363	   is	   constitutively	   phosphorylated	   at	   the	  
basal	   level.	   DAMGO	   promotes	   rapid	   and	   strong	   Ser375	   phosphorylation,	   whereas	  
morphine	   phosphorylates	   this	   site	   weaker	   and	   more	   slowly.	   Thr370	   is	   efficiently	  
phosphorylated	  by	  DAMGO	  but	  morphine	  failed	  to	  induce	  phosphorylation	  of	  this	  site	  
(Doll	  et	  al.,	  2011).	  	  
	  
DAMGO	   and	   morphine	   phosphorylate	   the	   receptors	   with	   different	   patterns.	   It	   has	  
been	  suggested	  that	  this	  difference	  arises	  from	  the	  agonist’s	  ability	  to	  activate	  distinct	  
kinases.	  There	  is	  evidence	  that	  DAMGO	  desensitization	  is	  predominantly	  mediated	  by	  
GRK2,	  while	  morphine	  induces	  desensitization	  in	  a	  PKC-­‐dependent	  manner	  (Johnson	  et	  
al.,	  2006;	  Bailey	  et	  al.,	  2009b).	  A	  recent	  study	  using	  siRNA	  to	  knockdown	  GRKs	  in	  HEK-­‐
293	  cells,	  has	  been	  shown	  that	  DAMGO-­‐induced	  Ser375	  and	  Thr370	  phosphorylation	   is	  
catalysed	  by	  GRK2	  and	  GRK3.	   In	   contrast,	  morphine-­‐driven	  phosphorylation	  at	  Ser375	  
residue	  preferentially	  mediated	  by	  GRK5	  (Doll	  et	  al.,	  2012).	  
	  
It	  has	  been	  revealed	  that	  receptor	  phosphorylation	  is	  robustly	  correlated	  with	  arrestin	  
recruitment	  and	   receptor	   internalization.	  However	   the	  efficacy	  of	  opioids	   to	  activate	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these	   signalling	   pathways	   could	   be	   distinct	   from	   their	   ability	   to	   induce	   G-­‐protein	  
activation	  (McPherson	  et	  al.,	  2010;	  Molinari	  et	  al.,	  2010).	  These	  findings	  suggest	  that	  
some	   agonists	   have	   bias	   for	   G-­‐protein	   activation	   over	   phosphorylation	   or	  
internalization.	   Therefore	   understanding	   of	   patterns	   of	   phosphorylation	   induced	   by	  
different	  agonists	  provides	  a	  valuable	  insight	  into	  biased	  agonism	  for	  MOPr.	  
	  
1.3.2.2.	  Role	  of	  protein	  kinase	  C	  in	  MOPr	  phosphorylation	  and	  desensitization	  
Morphine	  differs	   from	  many	  opioid	  agonists	   in	   terms	  of	   inducing	  desensitization	  and	  
internalization	  (Williams	  et	  al.,	  2013).	  Recent	  studies	  indicated	  the	  regulatory	  roles	  of	  
protein	  kinase	  C	   (PKC)	   in	  morphine-­‐induced	  phosphorylation.	  For	  example,	   inhibition	  
of	  PKC	  in	  HEK-­‐293	  cells	  attenuated	  the	  extent	  of	  desensitization	  induced	  by	  morphine	  
but	   not	   induced	   by	   DAMGO	   (Johnson	   et	   al.,	   2006).	  Moreover,	   activation	   of	   PKC	   by	  
phorbol	   ester	   (PMA)	  or	  muscarine	   in	   LC	  neurons	  enhanced	   the	   rapid	  desensitization	  
induced	  by	  morphine	  and	  Met-­‐enkephalin	  but	  not	  DAMGO	  (Bailey	  et	  al.,	  2004;	  Bailey	  
et	   al.,	   2009a).	   It	   should	   be	   noted	   that	   muscarine	   activates	   PKC	   by	   stimulating	  
muscarinic	  acetycholine	  M3-­‐like	  receptors,	  whereas	  PMA	  activates	  PKC	  by	  imitating	  the	  
action	   of	   diacylglycerol	   (DAG)	   (Newton,	   2001).	   It	   has	   also	   been	   evidenced	   that	   PKC	  
plays	   a	   role	   in	   antinociceptive	   tolerance	   to	  morphine.	   For	   example,	   an	   in	   vivo	   study	  
indicated	  that	  PKC	  inhibitors	  completely	  reversed	  morphine-­‐induced	  tolerance	  in	  hot-­‐
plate	   and	   tail-­‐pinch	   tests	   and	   also	   reversed	   it	   partially	   in	   hypothermia	   (Javed	   et	   al.,	  
2004).	  	  
	  
Site-­‐directed	  mutations	  and	  protein	  mass	  spectrometry	  analysis	  have	  established	  that	  
Ser363	  in	  C-­‐terminal	  region	  of	  MOPr	  is	  the	  primary	  substrate	  for	  PKC	  (Feng	  et	  al.,	  2011).	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On	   the	  other	  hand,	  another	   study	  by	  using	  phospho-­‐specific	  antibodies	   showed	   that	  
Ser363	   is	   constitutively	   phosphorylated	   (Doll	   et	   al.,	   2011).	   These	   findings	   can	   be	  
explained	   by	   observations	   showing	   that	   PKC	   inhibition	   reduced	   the	   basal	   level	   of	  
receptor	  phosphorylation	  in	  HEK-­‐293	  cells	  (Johnson	  et	  al.,	  2006).	  	  	  
	  
There	  are	  contradictory	  reports	  over	  the	  pattern	  of	  desensitization	  mediated	  by	  PKC.	  
In	   LC	   neurons,	  morphine	   produced	   homologous	   desensitization	   with	   no	   changes	   on	  
the	   function	  of	  other	   receptors	   like	  α-­‐adrenoceptor	  or	  ORL1	   receptors	   (Bailey	   et	  al.,	  
2009a).	  By	  contrast,	   in	  HEK-­‐293	  cells	  morphine	   induced	  heterologous	  desensitization	  
and	  pretreatment	  with	  morphine	  led	  to	  desensitization	  of	  cannabinoid	  receptors	  (CB1)	  
that	  reversed	  by	  PKCε	  inhibitor	  (Chu	  et	  al.,	  2010).	  	  
	  	  
More	   recently	   Arttamangkul	   et	   al	   (2014)	   have	   argued	   that	   the	   increase	   of	  
desensitization	   induced	   by	   morphine	   and	   Met-­‐enkephalin	   in	   the	   presence	   of	   PKC	  
activators	   may	   involved	   some	   mechanisms	   that	   are	   not	   directly	   dependent	   on	   PKC	  
function.	   They	   showed	   that	   desensitization	   induced	   by	   saturating	   concentrations	   of	  
morphine	  and	  Met-­‐enkephalin	   in	   the	  presence	  of	  phorbol	  esters	  and	  muscarine	  was	  
not	   sensitive	   to	   the	   PKC	   inhibitor,	   staurosporine.	   Moreover,	   phorbol	   esters	   and	  
muscarine	   failed	   to	   change	   the	   receptor	   trafficking	   induced	   by	   morphine	   and	  Met-­‐
enkephalin	   and	  also	  had	  no	  affect	  on	   the	   sustained	  desensitisation	   induced	  by	  Met-­‐
enkephalin	  (Arttamangkul	  et	  al.,	  2014).	  	  
	  
In	  summary,	  the	  fact	  that	  MOPr	  desensitization	  by	  different	  agonists	  can	  be	  selectively	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regulated	  by	  GRKs	  or	  PKC	  or	  by	  involvement	  of	  other	  kinases	  has	  not	  been	  resolved.	  	  
	  
1.3.2.3.	  Involvement	  of	  other	  kinases	  in	  MOPr	  phosphorylation	  
The	  role	  of	  other	  kinases	  in	  MOPr	  desensitization	  is	  not	  completely	  known.	  However,	  
there	  are	  studies	  establishing	  the	  potential	  regulatory	  effects	  of	  other	  kinases.	  Melief	  
et	   al.	   (2010)	   reported	   that	   c-­‐Jun	   N-­‐terminal	   kinase	   (JNK)	   mediate	   desensitization	  
induced	   by	  morphine	   but	   not	   by	   fentanyl.	   Acute	   analgesic	   tolerance	   in	   response	   to	  
morphine	   and	   buprenorphine	   was	   attenuated	   by	   JNK	   inhibition	   but	   not	   affected	   in	  
GRK3	   knockout	   mice.	   In	   contrast,	   JNK	   inhibition	   did	   not	   change	   acute	   analgesic	  
tolerance	   to	   fentanyl,	   methadone	   and	   oxycodone	   while	   their	   tolerance	   was	   GRK3	  
dependent	  (Melief	  et	  al.,	  2010).	  	  
	  
Many	   studies	   have	   shown	   the	   contribution	   of	   extracellular	   signal-­‐regulated	   kinase	  
(ERK)	   in	  MOPr	  desensitization.	   It	  has	  been	  reported	  that	  acute	  treatment	  of	   fentanyl	  
activates	   ERK	   1/2	   in	  wild	   type	  mice	  while	   this	   effect	  was	   blocked	   in	  GRK3	   knockout	  
mice	   in	  a	  β-­‐arrestin-­‐dependent	  manner.	  However,	  morphine	  could	  only	  activate	  ERK	  
1/2	   when	   β-­‐arrestin	   was	   overexpressed	   (Macey	   et	   al.,	   2006).	   Electrophysiological	  
recordings	   from	   GIRK	   current	   in	   LC	   neurons	   demonstrated	   that	   Met-­‐enkephalin-­‐
induced	   rapid	   desensitization	   was	   blocked	  when	   both	   of	   ERK	   1/2	   and	   GRK2-­‐	   β-­‐arr2	  
mechanisms	  are	  inhibited.	  This	  study	  also	  showed	  that	  desensitization	  was	  unaffected	  
when	  only	  one	  of	  these	  two	  mechanisms	  was	  disrupted	  (Dang	  et	  al.,	  2009).	  	  
	  
It	  has	  been	  reported	  that	  in	  HEK-­‐293	  cells	  DAMGO	  and	  morphine	  activate	  ERK	  1/2	  by	  
two	  different	  pathways.	  Morphine	  and	  methadone	  induce	  ERK1/2	  activation	  via	  PKC-­‐
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dependent	  pathway	  where	  the	  phosphorylated	  ERK1/2	  remain	  in	  the	  cytosol,	  whereas	  
etorphine	   and	   fentanyl	   activate	   ERK1/2	   in	   a	   β-­‐arr2-­‐dependent	   manner	   and	   the	  
phosphorylated	  ERKs	  translocate	  to	  the	  nucleus	  (Zheng	  et	  al.,	  2008).	  	  
	  
Studies	  in	  HEK-­‐293	  cells	  and	  Xenopus	  oocytes	  suggested	  the	  role	  of	  calcium-­‐calmodulin	  
kinase	  ΙΙ	  (CaMKΙΙ)	  in	  agonist-­‐induced	  MOPr	  desensitization.	  Overexpression	  of	  CaMKΙΙ	  
leads	  to	  a	  faster	  rate	  of	  DAMGO-­‐induced	  desensitization,	  and	  this	  fast	  desensitization	  
was	  not	  observed	  when	  putative	  CaMKΙΙ	  phosphorylation	  sites	  (Ser261/Ser266)	  were	  
mutated	  (Koch	  et	  al.,	  1997).	  
	  
It	   has	   been	   recently	   demonstrated	   that	   agonist-­‐induced	   activation	   of	   phospholipase	  
D2	   (PLD2)	   enhances	  MOPr	   endocytosis	   (Koch	   et	   al.,	   2009;	   Yang	   et	   al.,	   2010).	   PLD2	  
generates	  choline	  and	  phosphatidic	  acid	  (PA)	  by	  hydrolyzing	  phosphatidylcholine	  and	  
then	  PA	  can	  be	  converted	  to	  diacylglycerol	  (DAG).	  Yang	  et	  al.	  reported	  that	  activation	  
of	   p38	   mitogen-­‐activated	   protein	   kinase	   (MAPK)	   is	   mediated	   by	   PA-­‐derived	   DAG.	  
Activation	   of	   p38	  MAPK	   leads	   to	   phosphorylation	   of	   Rab5	   effector	   early	   endosome	  
antigen	   1	   (EEA1)	   which	   is	   required	   for	   MOPr	   internalization	   (Yang	   et	   al.,	   2010).	  
However,	   whole-­‐cell	   recording	   from	   LC	   neurons	   showed	   that	   inhibition	   of	   the	   p38	  
MAPK	   did	   not	   block	   desensitization	   and	   internalization	   induced	   by	   Met-­‐enkephalin	  
(Arttamangkul	  et	  al.,	  2012).	  
	  
1.3.3.	  Regulatory	  effect	  of	  β-­‐arrestin	  in	  desensitization	  
It	  has	  been	  established	  that	  administration	  of	  some	  opioids	  such	  as	  DAMGO	  leads	  to	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robust	   GRK-­‐dependent	   phosphorylation,	   β-­‐arrestin	   translocation	   and	   endocytosis.	  
Early	  studies	  showed	  that	  disruption	  of	  GRKs	  and	  β-­‐arrestin	  function	  greatly	  reduced	  
receptor	   desensitization	   (Bohn	   et	   al.,	   2000;	   Chu	   et	   al.,	   2008).	   Since	   then	   there	   has	  
been	  interest	  to	  investigate	  the	  role	  of	  β-­‐arrestin	  in	  desensitization	  and	  tolerance.	  The	  
arrestin	  superfamily	  is	  divided	  into	  arrestins	  and	  β-­‐arrestins.	  Arrestins	  are	  extensively	  
expressed	   in	   retina	   regions	   and	   play	   an	   important	   role	   in	   the	   regulation	   of	  
photoreceptor	  functions.	  	  On	  the	  other	  hand,	  β-­‐arrestins	  (β-­‐arr1	  and	  β-­‐arr2)	  known	  as	  
non-­‐visual	  arrestins	  are	  widely	  expressed	  in	  the	  body	  and	  have	  crucial	  regulatory	  roles	  
for	  most	  of	  the	  GPCRs	  in	  the	  body	  (Luttrell	  et	  al.,	  2002;	  Gainetdinov	  et	  al.,	  2004).	  The	  
distribution	   of	   β-­‐arrestins	   does	   greatly	   overlap	   in	   the	   brain	   where	   both	   are	   highly	  
expressed	   in	   cortex	   and	   hippocampus.	   However,	   there	   are	   high	   levels	   of	   β-­‐arr2	  
expression	   in	   medial	   habenular,	   in	   most	   hypothalamic	   nuclei	   and	   the	   extended	  
amygdala,	   while	   β-­‐arr1	   is	   abundant	   in	   thalamus,	   particularly	   in	   the	   anterior,	  
intralaminar,	  and	  midline	  nuclei	  (Gurevich	  et	  al.,	  2002).	  Although	  the	  expression	  of	  β-­‐
arr1	   is	   much	   higher	   in	   rat	   brain,	   it	   has	   been	   indicated	   that	   β-­‐arr2	   more	   effectively	  
regulates	  receptor	  endocytosis	  and	  recycling	  (Gainetdinov	  et	  al.,	  2004).	  	  
	  
The	  earliest	  studies	  suggested	  a	  positive	  correlation	  between	  the	  ability	  of	  agonists	  to	  
activate	   G-­‐proteins	   and	   recruit	   β-­‐arrestin.	   However,	   more	   recent	   studies	   have	  
indicated	   that	   different	   agonists	   can	   distinctly	   be	   engage	   in	   these	   two	   pathways	  
(McPherson	   et	   al.,	   2010;	  Molinari	   et	   al.,	   2010).	   For	   example,	   agonists	   like	  morphine	  
that	  efficiently	  promote	  MOPr	  coupling	  to	  G-­‐protein,	  are	  partial	  agonists	  in	  recruiting	  
β-­‐arrestin.	  Endomorphin-­‐2	  also	  displayed	  a	  great	  bias	  for	  G-­‐protein	  activation	  pathway	  
over	   β-­‐arrestin	   translocation	   (Rivero	   et	   al.,	   2012).	   More	   recent	   studies	   support	   the	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functional	  selectivity	  idea	  at	  MOPr	  by	  development	  of	  a	  novel	  agonist,	  herkinorin	  and	  
its	  derivatives	  (Harding	  et	  al.,	  2005;	  Groer	  et	  al.,	  2007).	  Herkinorin	  has	  been	  reported	  
as	   a	   full	   agonist	   with	   respect	   to	   G-­‐protein	   coupling,	   ERK	   1/2	   phosphorylation	   and	  
inhibition	  of	  cAMP	  in	  HEK-­‐293	  cells.	  However,	  herkinorin	  failed	  to	  recruit	  β-­‐arr2	  to	  the	  
membrane.	  	  
	  
There	   are	   findings	   link	   the	   desensitization	   induced	   by	   agonists	   to	   their	   ability	   to	  
promote	   phosphorylation	   and	   arrestin	   translocation.	   For	   instance,	   sustained	  
administration	  of	  agonists	  such	  as	  DAMGO,	  Met-­‐enkehalin	  and	  fentanyl	  that	  robustly	  
produce	   phosphorylation	   and	   arrestin	   recruitment,	   leads	   to	   a	   profound	   rapid	  
desensitization.	   In	   contrast,	   morphine	   and	   oxycodone	   that	   have	   a	   low	   efficacy	   in	  
inducing	   phosphorylation	   and	   arrestin	   binding,	   produce	   desensitization	   to	   a	   much	  
lower	  extent	  (Whistler	  et	  al.,	  1998;	  Dang	  et	  al.,	  2005;	  Arttamangkul	  et	  al.,	  2008).	  
	  
Other	   studies	   reported	   that	   disruption	   of	   β-­‐arrestin	   had	   no	   effect	   on	   rapid	  
desensitization.	  Electrophysiological	  recording	  from	  voltage	  gated	  calcium	  channels	  of	  
DRG	  neurons	   showed	   that	  DAMGO-­‐induced	  desensitization	  was	  unaffected	   in	  β-­‐arr2	  
KO	   mice	   (Walwyn	   et	   al.,	   2007).	   Consistent	   with	   these	   results,	   no	   difference	   was	  
observed	   in	   Met-­‐enkephalin-­‐induced	   desensitization	   of	   GIRK	   current	   in	   LC	   neurons	  
between	   wild	   type	   and	   β-­‐arr2	   KO	   mice	   (Arttamangkul	   et	   al.,	   2008).	   It	   has	   been	  
reported	   that	   at	   least	   two	   different	   mechanisms	   are	   involved	   in	   Met-­‐enkephalin-­‐
induced	  desensitization	   from	  LC	  neurons.	   Inhibition	  of	  both	  GRK2-­‐βarr2	  and	  ERK	  1/2	  
pathways	  almost	  prevent	  desensitization,	  while	  blocking	  of	  each	  of	  these	  mechanisms	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alone	  had	  no	  effect	  on	  desensitization	  (Dang	  et	  al.,	  2009).	  	  
	  
Moreover,	   it	   has	   been	   shown	   that	   βarr2	   regulates	  morphine-­‐induced	   tolerance	   and	  
withdrawal	   symptoms.	   Anti-­‐nociceptive	   tolerance	   to	   morphine	   but	   not	   etorphine,	  
fentanyl	  and	  methadone	  was	  blunted	  in	  βarr2	  KO	  mice,	  while	  morphine-­‐induced	  side	  
effects	  like	  acute	  respiratory	  suppression	  and	  constipation	  were	  reduced	  in	  knock	  out	  
mice.	  Naloxone-­‐induced	  withdrawal	  responses	  were	  also	  attenuated	  in	  β-­‐arr2-­‐KO	  mice	  
that	   chronically	   treated	  with	  morphine	  but	  not	  methadone,	   fentanyl	   and	  oxycodone	  
(Raehal	  et	  al.,	  2005;	  Raehal	  et	  al.,	  2011a).	  	  
	  
These	   findings	  with	   respect	   to	   the	   role	   of	   β-­‐arrestin	   in	   regulation	   of	   desensitization	  
and	   tolerance	   seem	   to	   be	   contradictory	   and	   the	   mechanisms	   responsible	   for	   these	  
signalling	   events	   are	   still	   unclear.	   A	   possible	   explanation	   is	   the	   agonist’s	   ability	   to	  
selectively	  recruit	  arrestins.	  Agonists	  with	  high	  efficacy	  to	  phosphorylate	  the	  receptor,	  
such	   as	   DAMGO	   and	   etorphine,	   interact	   with	   both	   β-­‐arr1	   and	   β-­‐arr2,	   whereas	  
morphine	  can	  only	  recruit	  β-­‐arr2	  (Groer	  et	  al.,	  2011).	  Therefore,	   in	  the	  absence	  of	  β-­‐
arr2	   morphine-­‐induced	   desensitization	   and	   tolerance	   would	   be	   attenuated.	   In	  
contrast,	  β-­‐arr1	  can	  be	  functionally	  substitute	  for	  β-­‐arr2	  when	  receptors	  are	  exposed	  
to	  DAMGO	  like	  agonists	  (Williams	  et	  al.,	  2013).	  	  
	  
1.3.4.	  μ-­‐opioid	  receptor	  internalization	  
It	   is	  demonstrated	   that	  opioid	   receptor	   localization	   is	  not	   static	  but	   is	   in	  equilibrium	  
between	  plasma	  membrane	  and	  endosomal	  pools	  (Williams	  et	  al.,	  2001;	  Gainetdinov	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et	   al.,	   2004).	   Continued	   activation	   of	   the	   receptor	   leads	   to	   removal	   of	   the	   receptor	  
from	   the	   plasma	  membrane	   by	   internalization.	   Receptor	   internalization	   also	   termed	  
endocytosis	   is	   a	   regulatory	   process	   that	  modulates	   the	   number	   and	   function	   of	   the	  
receptors	   present	   in	   the	   plasma	   membrane	   (Kallal	   et	   al.,	   1998;	   Keith	   et	   al.,	   1998).	  
MOPr	   internalization	   occurs	   within	   several	   minutes	   and	   reaches	   steady	   state	   in	  
approximately	   30	   min	   (Keith	   et	   al.,	   1996;	   Williams	   et	   al.,	   2013).	   The	   internalized	  
receptor	   can	  be	   resensitized	   and	   recycle	   back	   to	   the	  membrane	  or	   trafficked	   to	   the	  
lysosomal	  vesicles	  for	  degradation	  (Von	  Zastrow,	  2001).	  	  
	  
Internalization	   occurs	   via	   clathrin-­‐	   dynamin-­‐dependent	   mechanisms	   (Zhang	   et	   al.,	  
1998;	  Gainetdinov	  et	  al.,	  2004;	  Dang	  et	  al.,	  2012).	  The	  C-­‐terminal	  tail	  of	  MOPr,	  like	  in	  
other	  GPCRs	  regulates	  the	  extent	  and	  efficiency	  of	  endocytosis	  (Williams	  et	  al.,	  2001).	  
Using	  site	  directed	  mutagenesis	  El	  Kouhen	  et	  al.	  (2001)	  showed	  that	  mutation	  of	  Ser375	  
to	  alanine	  diminished	  the	  rate	  and	  extent	  of	  DAMGO-­‐evoked	  internalization.	  Lau	  et	  al.	  
(2011)	  also	  found	  that	  375STANT379	  play	  an	  important	  role	  for	  receptor	   internalization	  
and	  mutation	  of	  Thr376	  and	  Ser379	  residues	  efficiently	  reduce	  internalization.	  
	  
It	  has	  been	  well	  established	  that	  internalization	  is	  agonist	  dependent.	  Arden	  et	  al.	  for	  
the	   first	   time	   demonstrated	   that	   different	   agonists	   have	   different	   efficacies	   for	   μ-­‐
opioid	  trafficking.	  They	  showed	  that	   in	  the	  HEK-­‐293	  cells	  DAMGO	  robustly	  stimulates	  
internalization	  whereas	  morphine	  failed	  to	  induce	  receptor	  translocation	  (Arden	  et	  al.,	  
1995).	  Many	   studies	   confirmed	   these	   results	  and	   showed	   that	  agonists	   like	  DAMGO,	  
fentanyl,	   etorphine,	   Met-­‐enkephalin	   and	   methadone	   can	   efficiently	   promote	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internalization	  while	  agonists	  like	  morphine	  and	  oxycodone	  have	  lower	  efficacy	  in	  this	  
pathway	  (Keith	  et	  al.,	  1996;	  Whistler	  et	  al.,	  1998;	  Borgland	  et	  al.,	  2003;	  Schulz	  et	  al.,	  
2004;	  McPherson	  et	  al.,	  2010).	  	  
	  
Different	  tissues	  and	  different	  conditions	  can	  also	  affect	  internalization.	  The	  inability	  of	  
morphine	  to	  promote	  efficient	   internalization	  could	  be	  rescued	  when	  GRK2	  or	  β-­‐arr2	  
were	   overexpressed	   (Whistler	   et	   al.,	   1998;	   Zhang	   et	   al.,	   1998;	   Doll	   et	   al.,	   2012).	  
Furthermore,	  although	  morphine	  is	  a	  weak	  inducer	  of	  internalization	  in	  spinal	  cord	  or	  
LC	   neurons	   (Trafton	   et	   al.,	   2004;	   Arttamangkul	   et	   al.,	   2008),	   it	   can	   drive	   rapid	   and	  
strong	   redistribution	   of	   MOPr	   in	   dendrites	   of	   medium	   spiny	   striatal	   neurons	  
(Haberstock-­‐Debic	  et	  al.,	  2003;	  Haberstock-­‐Debic	  et	  al.,	  2005;	  Yu	  et	  al.,	  2009).	  
	  
Behavioral	   studies	   indicate	   that	   chronic	   morphine	   administration	   develops	   greater	  
tolerance	   compared	   to	   internalizing	   agonists	   like	   DAMGO,	   etorphine	   and	   sufentanyl	  
when	   equieffective	   doses	   were	   applied	   (Stevens	   et	   al.,	   1989;	   Duttaroy	   et	   al.,	   1995;	  
Madia	   et	   al.,	   2009).	   The	   discovery	   that	   morphine	   cannot	   efficiently	   promote	  
internalization	   while	   profoundly	   causing	   tolerance	   led	   to	   the	   hypothesis	   that	  
internalization	  is	  necessary	  for	  recovery	  from	  desensitization.	  The	  interpretation	  of	  the	  
notion	  that	  internalizing	  agonists	  produce	  less	  tolerance,	  was	  that	  dephosphorylation	  
occurs	   in	   endosomes	   through	   internalization	   event.	   Resensitized	   receptors	   then	  
recover	  and	  recycle	  back	  to	  the	  plasma	  membrane.	  On	  the	  other	  hand,	  receptors	  that	  
are	   desensitized	   by	   non-­‐internalizing	   agonists	   cannot	   go	   through	   this	   cycle,	   thus	  
phosphorylated	  receptors	  accumulate	  in	  the	  cell	  surface	  and	  produce	  tolerance	  (Schulz	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et	  al.,	  2004).	  
	  
However,	  more	  recent	  evidence	  clearly	  showed	  that	  internalization	  is	  not	  required	  for	  
dephosphorylation	  and	  recovery	  of	  desensitization.	  Blocking	  the	  MOPr	  endocytosis	  by	  
concanavalin	   A	   (Con	   A)	   had	   no	   effect	   on	   recovery	   from	   Met-­‐enkephalin-­‐induced	  
desensitization	  in	  cultured	  LC	  neurons	  (Arttamangkul	  et	  al.,	  2006).	  Consistently,	  Doll	  et	  
al.	   (2011)	   reported	   that	   Ser375	   dephosphorylation	   was	   also	   unaffected	   when	  
internalization	  was	   inhibited	  by	  Con	  A	  and	   the	  decline	   in	  Ser375	  phosphorylation	  was	  
rapid	   in	   both	   DAMGO	   and	  morphine	   treated	   cells.	   These	   findings	   are	   supported	   by	  
studies	  that	  show	  desensitized	  receptor	  can	  efficiently	  be	  recovered	  in	  β-­‐arr2	  KO	  mice.	  
Dang	  et	  al.	  (2011)	  showed	  that	  resensitization	  of	  MOPr	  in	  LC	  neurons	  does	  not	  require	  
β-­‐arr2	   or	   dynamin	   dependent	   mechanisms	   suggesting	   that	   receptor	   function	   can	  
recover	   at	   the	   cell	   surface.	   They	   also	   reported	   that	   disruption	   of	   β-­‐arr2	   or	   dynamin	  
accelerate	   recovery	   from	   Met-­‐enkephalin-­‐induced	   desensitization	   in	   LC	   neurons.	  
Furthermore,	   development	   of	   tolerance	   in	   human	   studies	   did	   not	   clearly	   show	   that	  
internalizing	   agonists	  produce	   less	   tolerance	   compared	   to	  non-­‐internalizing	   agonists.	  
For	  example,	  continuous	  transdermal	  application	  of	  an	  internalizing	  agonist,	  fentanyl,	  
produced	   greater	   tolerance	   than	   buprenorphine,	   which	   is	   a	   non-­‐internalizing	   ligand	  
with	  lower	  efficacy	  in	  G-­‐protein	  activation	  (Sittl	  et	  al.,	  2006)	  
	  
Many	   studies	   tried	   to	  address	  whether	   the	  weak	  ability	  of	  morphine	   to	  produce	   the	  
internalization	  is	  due	  to	  morphine’s	  lower	  efficacy	  at	  G-­‐protein	  activation	  compared	  to	  
DAMGO,	   etorphine	   or	   sufentayl	   (Kovoor	   et	   al.,	   1998;	   Selley	   et	   al.,	   1998;	   Zaki	   et	   al.,	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2000;	  McPherson	  et	  al.,	  2010).	  This	   is	  not	  supported	  by	   recent	  studies	   that	  show	  no	  
significant	   relationship	   between	   G-­‐protein	   activation	   and	   endocytosis,	   while	   there	  	  
does	   appear	   to	   be	   a	   stronger	   correlation	   between	   β-­‐arr2	   translocation	   and	  
internalization	   (McPherson	   et	   al.,	   2010).	   Endomorphins	   are	   a	   good	   example	   of	   this	  
because	   they	   have	   similar	   intrinsic	   efficacy	   to	  morphine	   in	   G-­‐protein	   activation	   but	  
unlike	   morphine	   can	   efficiently	   promote	   receptor	   internalization	   (Sim	   et	   al.,	   1998;	  
Rivero	   et	   al.,	   2012).	   In	   vivo	   studies	   comparing	   antinociceptive	   tolerance	   from	   by	  
morphine	   and	   endomorphins	   have	   shown	   that	   repeated	   i.c.v.	   injections	   of	  
endomorphin	  1	  and	  2	  result	  in	  tolerance	  that	  resembles	  that	  of	  morphine.	  There	  was	  a	  
symmetrical	  cross-­‐tolerance	  observed	  among	  all	  drugs	  tested,	  suggesting	  that	  agonists	  
with	  different	  profile	  in	  endocytosis	  may	  produce	  the	  same	  extent	  of	  tolerance	  when	  
their	  intrinsic	  efficacies	  for	  G-­‐protein	  activation	  are	  matched	  (Soignier	  et	  al.,	  2004).	  
	  
1.4.	  Opioid	  pharmacology	  
1.4.1.	  Endogenous	  opioid	  ligands	  
In	  1975	  the	  first	  endogenous	  opioid	  peptides	  (enkephalins)	  were	  discovered	  by	  Hughes	  
et	   al.	   They	   were	   shown	   to	   produce	   morphine-­‐like	   activity	   in	   brain	   extracts	   using	  
functional	  bioassays.	  	  The	  name	  enkephalin	  is	  derived	  from	  a	  Greek	  word	  meaning	  in	  
the	   head	   (Hughes	   et	   al.,	   1975).	   It	   has	   been	   now	   demonstrated	   that	   endogenous	  
opioids	   are	   mainly	   derived	   from	   three	   precursors,	   pro-­‐opiomelanocortin	   (POMC),	  
proenkephalin,	  prodynorphin.	  All	  the	  endogenous	  opioids	  contain	  a	  N-­‐terminal	  amino	  
acid	  sequence	  of	  either	  Met-­‐enkephalin	  or	  Leu-­‐enkephalin	  as	  in	  their	  first	  four	  amino	  
acids	  Tyr-­‐Gly-­‐Gly-­‐Phe	  (Corbett	  et	  al.,	  2006).	  POMC	  is	  a	  multifunctional	  precursor	  that	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contains	   a	   single	   copy	   of	   β-­‐endorphin	   and	   also	   other	   hormones	   including	  
adrenocorticotrophic	   hormone	   (ACTH)	   and	   α-­‐,	   γ-­‐	   and	   β-­‐melanocyte	   stimulating	  
hormone	   (MSH).	   Proenkephalin	   is	   widely	   expressed	   in	   both	   neuronal	   and	   non-­‐
neuronal	  sites	  and	  encodes	  copies	  of	  Met-­‐	  and	  Leu-­‐enkephalin,	  leucine-­‐enkephalin	  and	  
methionine	   enkaphalin.	   Prodynorphin	   contains	   the	   sequences	   of	   α-­‐	   and	   β-­‐
neoendorphin,	  dynorphin-­‐A	  and	  dynorphin-­‐B.	  The	  opioids	  derived	  from	  prodynorphin	  
have	  high	  affinity	  for	  KOPr,	  however,	  they	  also	  have	  significant	  affinity	  for	  other	  opioid	  
receptor	  types	  (Olson	  et	  al.,	  1998;	  Corbett	  et	  al.,	  2006).	  	  
	  
More	   recently	   another	   agonist	   has	   been	   added	   to	   endogenous	   opioid	   ligand	   family,	  
nociceptin/orphanin-­‐FQ	  which	   is	   derived	   from	   pronociceptin/orphanin-­‐FQ	   precursor.	  
This	  peptide	  resembles	  the	  dynorphins	  with	  the	  canonical	  Gly-­‐Gly-­‐Phe	  sequence,	  while	  
phenylalanine	   is	   substituted	  with	   tyrosine	   at	  N-­‐terminal.	   It	   should	   be	  noted	   that	   for	  
two	   highly	   selective	   and	   potent	   MOPr	   tetrapeptides,	   endomorohin-­‐1	   and	   -­‐2,	   no	  
precursor	  has	  yet	  been	  identified	  (Waldhoer	  et	  al.,	  2004).	  
	  
1.4.2.	  Exogenous	  opioid	  ligands	  
After	   determination	   of	   morphine’s	   structure,	   many	   semisynthetic	   and	   synthetic	  
compounds	   have	   been	   studied	   towards	   improving	   the	   therapeutic	   profile	   of	  
analgesics.	  	  The	  most	  of	  the	  clinically	  available	  opioids	  are	  MOPr	  agonists	  developed	  by	  
modifying	   the	   structure	   of	   natural	   opium	   alkaloids.	   Heroin	   was	   one	   of	   the	   first	  
morphine	   derivatives,	   which	   was	   introduced	   as	   non-­‐addictive	   morphine	   substitute.	  
Heroin	  is	  a	  pro-­‐drug	  and	  is	  rapidly	  metabolized	  to	  6-­‐acetylmorphine	  and	  morphine	  in	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brain	   and	  peripheral	   tissues.	  However,	   the	   claim	   for	   the	   improved	  profile	   in	   respect	  
with	  respiratory	  depression	  and	  dependency	  was	  not	  true	  (Brownstein,	  1993).	  Several	  
semisynthetic	   morphine	   derivatives	   have	   been	   produced	   so	   far	   and	   some	   of	   them	  
remain	  available	  such	  as	  hydrocodone	  and	  oxycodone.	  Addition	  of	  bulky	  substituents	  
into	  the	  morphine	  structure	  gives	  antagonist	  activity	  to	  the	  molecule	  such	  as	  naloxone	  
(Corbett	  et	  al.,	  2006).	  Table	  1.1	  summarizes	   the	  binding	  potencies	  of	  opioid	  agonists	  
and	  antagonists	  for	  the	  three	  receptor	  subtypes.	  	  
	  
A	   novel	   MOPr	   agonist	   is	   also	   selected	   for	   the	   panel	   of	   agonists	   in	   this	   project	  
developed	   by	   Prof	   Rob	   Capon	   (The	   University	   of	   Queensland).	   This	   interesting	  
tetrapeptide	   termed,	  Bilaid-­‐C2	  does	  not	  promote	   internalization	  while	  has	   similar	  G-­‐
protein	   coupling	   efficacy	   to	  morphine.	   Bilaid-­‐C2	   is	   selective	   for	  MOPr	   and	   acts	   as	   a	  
potent	  and	  efficacious	  agonist	  in	  G	  protein	  coupling.	  The	  affinity	  of	  Bilaid-­‐C2	  for	  MOPr	  
(Ki
	  
of	   0.6	   nM)	   is	   100	   and	   300	   times	   greater	   than	   DOPr	   and	   KOPr	   respectively	  
(unpublished	  observations,	  binding	  assays	  performed	  by	  Cerep).	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Table	  1.1.	  Binding	  potencies	  of	  opioids	  for	  three	  opioid	  receptor	  subtypes	  
The	  table	  is	  the	  list	  of	  various	  opioid	  ligands	  for	  MOPr,	  DOPr	  and	  KOPr.	  All	  data	  shown	  
is	  from	  Lalovic	  et	  al.,	  (2006),	  with	  the	  exception	  of	  oxycodone	  and	  oxymorphone	  which	  
are	  obtained	  from	  Raynor	  et	  al.,	  (1994).	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Ligand	  
Delta	  Receptor	  
[3H]naltrindole	  
Kappa	  Receptor	  
[3H]U-­‐69,593	  
Mu	  Receptor	  
[3H]DAMGO	  
Opioid	  agonists	  (Ki,	  nM)	  	  
	  
	  
	  
	  
DAMGO	   >1000	   >1000	   2	  
Fentanyl	   >1000	   255	   0.39	  
Morphine	   >1000	   538	   14	  
Sufentanyl	   50	   75	   0.15	  
Methadone	   >1000	   >1000	   0.72	  
Met-­‐enkephalin	   1.7	   >1000	   0.65	  
Leu-­‐enkephalin	   4	   >1000	   3.4	  
Etorphine	   1.4	   0.13	   0.23	  
Deltorphin	  II	   3.3	   >1000	   >1000	  
DADLE	   0.74	   >1000	   16	  
DPDPE	   14	   >1000	   >1000	  
Dynorphin	  A	   >1000	   0.5	   32	  
U-­‐50,488	   >1000	   0.12	   >1000	  
Spiradoline	   >1000	   0.036	   21	  
U-­‐69,593	   >1000	   0.59	   >1000	  
Levorphanol	   5	   6.5	   0.086	  
	   Delta	  Receptor	  
[3H]DPDPE	  
Kappa	  Receptor	  
[3H]U-­‐50,488	  
Mu	  Receptor	  
[3H]DAMGO	  
Oxycodone	   >1000	   >1000	   16	  
Oxymorphone	   118	   148	   0.36	  
Opioid	  antagonists	  (Ki,	  nM)	  
CTOP	   >1000	   >1000	   0.18	  
Beta-­‐FNA	   48	   2.8	   0.33	  
Naloxonazine	   8.6	   11	   0.054	  
(-­‐)-­‐Naloxone	   17	   2.3	   0.93	  
Naltrexone	   149	   3.9	   1	  
Beta-­‐CNA	   115	   0.083	   0.9	  
BNTX	   0.66	   55	   18	  
NTB	   0.013	   13	   12	  
Naltrindole	   0.02	   66	   64	  
Nor-­‐BNI	   65	   0.027	   2.2	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1.4.3.	  General	  properties	  of	  opioid	  agonist	  
The	   action	   of	   the	   drugs	   at	   receptors	   is	   characterized	   by	   three	   fundamental	   drug	  
properties:	  the	  first	  is	  agonists’	  affinity,	  which	  is	  their	  ability	  to	  bind	  to	  the	  receptor.	  .	  
Second,	   their	  binding	  sustainability	   (dissociation	  rate,	   receptor	  coverage)	  and	  third	   is	  
their	   ability	   to	   change	   the	   receptor	   behaviour	   and	   produce	   a	   response.	   These	  
properties	  are	  unique	   for	  agonist-­‐receptor	   coupling,	  hence	   they	  can	  be	  employed	   to	  
characterize	  the	  agonist	  activity	  for	  a	  specific	  receptor	  regardless	  of	  the	  tissue	  or	  the	  
system	  that	  is	  used	  (Kenakin,	  2013).	  
	  
AJ	  Clark	  was	  the	  first	  to	  discriminate	  between	  two	  properties	  of	  a	  drug	  ‘the	  capacity	  to	  
bind	   and	   the	   capacity	   to	   excite’	   (Clark,	   1937).	   A	   few	   years	   later,	   RP	   Stephenson	   by	  
compared	   a	   series	   of	   agonists	   in	   guinea	   pig	   ileum	   and	   reported	   that	   agonists	   with	  
equal	   potency	   could	   produce	   different	   maximal	   response.	   He	   described	   this	   as	   the	  
efficacy	   of	   the	   agonist	   and	   proposed	   that	   the	   relationship	   between	   the	   receptor	  
occupancy	  and	  the	  response	  is	  not	  necessarily	  linear.	  This	  was	  an	  important	  statement	  
in	   development	   of	   the	   receptor	   reserve	   theory	   and	   has	   been	   defined	   as	   ‘spare	  
receptor	  capacity’	  which	  agonists	  can	  produce	  the	  maximal	  response	  (Emax)	  by	  only	  a	  
fractional	  occupancy	  of	  the	  available	  receptors	  in	  a	  tissue	  (Stephenson,	  1956).	  
	  
The	  Emax	  is	  predominantly	  used	  to	  assess	  the	  efficacy	  of	  ligands,	  which	  is	  calculated	  by	  
the	   upper	   asymptote	   of	   the	   concentration-­‐response	   curve.	   However,	   the	  
quantification	  of	  agonist	  efficacy	   is	  not	  always	  straightforward	  and	  for	  some	  agonists	  
cannot	  be	  easily	  determined	  from	  concentration-­‐response	  curve.	  The	  efficacy	  is	  tissue-­‐
dependent	  and	  maximal	  response	  can	  be	  suppressed	  due	  to	  limited	  concentrations	  of	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G-­‐proteins	  or	  signalling	  effectors	  of	  a	  given	  tissue	  (Kelly,	  2013).	  Therefore	  it	  is	  possible	  
that	   two	   agonists	   that	   produce	   maximal	   response	   in	   a	   system	   possess	   different	  
efficacies.	  In	  this	  case	  the	  response	  limit	  of	  the	  system	  leads	  to	  an	  artificial	  ceiling	  for	  
assessment	   of	   efficacy	   (Strange,	   2008).	   Some	   agonists	   intrinsically	   have	   low	   efficacy	  
and	  cannot	  reach	  to	  the	  maximum	  response	  level	  in	  a	  tissue,	  even	  by	  occupying	  all	  the	  
available	   receptors	   in	   that	   given	   system.	   These	   agonists	   are	   referred	   to	   partial	  
agonists.	  For	  example,	  buprenorphine	  and	  meperidine	  at	  MOPr	  act	  as	  partial	  agonists	  
in	   many	   assays	   such	   as	   G-­‐protein	   activation	   and	   arrestin	   recruitment.	   In	   contrast,	  
agonists	  such	  as	  DAMGO	  or	  Met-­‐enkephalin	  efficiently	  activate	  most	  of	  the	  signalling	  
pathways	  without	  engaging	  all	  the	  receptors	  (McPherson	  et	  al.,	  2010;	  Molinari	  et	  al.,	  
2010).	  However,	  it	  should	  be	  noted	  that	  a	  partial	  agonist	  is	  only	  defined	  with	  respect	  
to	   the	   response	   in	   particular	   tissue.	   For	   example	   morphine	   was	   found	   to	   promote	  
internalization	  very	  weakly	  in	  many	  neurons,	  while	  profoundly	  activates	  this	  pathway	  
in	   dendrites	   of	   nucleus	   accumbens	   neurons	   (Haberstock-­‐Debic	   et	   al.,	   2003;	  
Haberstock-­‐Debic	   et	   al.,	   2005),	   suggesting	   that	   morphine	   is	   a	   full	   agonist	   for	  
endocytosis	  only	   in	  some	  specific	  tissues.	  As	  mentioned	  above,	  the	  notion	  that	  some	  
agonists	  do	  not	  need	  to	  occupy	  all	  the	  receptors	  present	  in	  a	  system	  to	  generate	  the	  
maximum	  effect	  leads	  to	  the	  theory	  of	  receptor	  reserve,	  suggesting	  that	  high	  efficacy	  
agonists	  have	  greater	  receptor	  reserve	  than	  lower	  efficacy	  agonists	  while	  some	  partial	  
agonists	  may	  have	  no	  receptor	  reserve	  (Kenakin,	  2011;	  Kelly,	  2013).	  	  
	  
The	   presence	   of	   receptor	   reserve	   for	   different	   agonists	   can	   be	   determined	   by	  
inactivation	   of	   a	   fraction	   of	   receptors	   with	   an	   irreversible	   antagonist	   and	   then	  
comparing	   the	   inactivation	   effect	   on	  distinct	   agonists	   concentration-­‐response	   curves	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(Nickerson,	   1956).	   Under	   this	   condition,	   if	   two	   full	   agonists	   have	   similar	   efficacies,	  
identical	   changes	   will	   be	   observed	   in	   their	   concentration-­‐response	   relationships.	  
Conversely,	   if	   one	   of	   the	   agonists	   has	   intrinsically	   lower	   efficacy,	   its	   concentration-­‐
response	  curve	  will	  be	  affected	  more	  due	  to	  having	  less	  receptor	  reserve;	  these	  kinds	  
of	  agonists	  can	  be	  defined	  as	  operationally	  full	  agonists	   in	  a	  given	  tissue	  and	  for	  that	  
specific	  assay	  (Strange,	  2008;	  Kelly,	  2013).	  Therefore,	  the	  efficacy	  is	  highly	  affected	  by	  
tissue	   factors	   and	   for	   an	   accurate	   estimation	   of	   this	   value	   the	   tissue-­‐dependent	  
parameters	  should	  be	  eliminated.	  	  
	  
1.4.3.1.	  Intrinsic	  efficacy	  	  
Defining	   the	   drug	   efficacy	   is	   very	   important	   and	   a	   careful	   identification	   is	   required	  
particularly	  in	  the	  field	  of	  drug	  discovery.	  As	  mentioned	  earlier,	  efficacy	  embodies	  both	  
drug-­‐dependent	  and	  tissue-­‐dependent	  parameters.	  Thus,	  the	  efficacy	  values	  obtained	  
from	  a	   tissue	   cannot	  be	  generalized	   to	  other	   cell	   systems.	   For	  example,	   Selley	  et	   al.	  
(1998)	  reported	  that	  the	  relative	  activity	  of	  [35S]GTPγS	  binding	  produced	  by	  a	  series	  of	  
MOPr	  agonists	  in	  Chinese	  hamster	  ovary	  cells	  transfected	  with	  MOPr	  was	  greater	  than	  
in	  membranes	  of	  thalamic	  neurons.	  The	  tissue-­‐associated	  parameters	  are	  included	  the	  
receptor	  concentration	  and	  the	  efficiency	  of	  the	  coupling	  receptor	  to	  tissue	  response	  
where	  at	  first	  have	  been	  described	  by	  the	  following	  equation:	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where	  E	  is	  the	  agonist	  response,	  Emax	  is	  the	  maximum	  possible	  response	  in	  the	  tissue,	  f	  
is	   some	   function	   of	   the	   response	   that	   represents	   the	   efficiency	   of	   agonist-­‐activated	  
receptor	   to	   produce	   the	   signal.	   ε	   denotes	   the	   intrinsic	   efficacy,	   [A]	   is	   agonist	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concentration,	  KA	  is	  equilibrium	  dissociation	  constant	  and	  RT	  is	  receptor	  concentration.	  
From	  the	  factors	   in	   this	  equation,	  ε	  and	  KA	  are	  agonist-­‐dependent,	  while	   f	  and	  RT	  are	  
tissue-­‐dependent	  (Kelly,	  2013;	  Kenakin,	  2013).	  	  
	  
Several	   approaches	   have	   been	   developed	   to	   measure	   the	   intrinsic	   efficacy.	   The	  
method	  proposed	  by	  Furchgott	  and	  Bursztyn	  (1967)	  was	  based	  on	  fractional	  receptor	  
inactivation	   by	   using	   an	   irreversible	   antagonist.	   The	   relative	   shift	   between	  
concentration	   response	   curves	   was	   used	   to	   measure	   the	   intrinsic	   efficacy.	   In	   this	  
model	   the	   reciprocal	   of	   concentrations	   of	   an	   agonist	   before	   receptor	   occlusion	   is	  
plotted	   against	   the	   reciprocals	   of	   corresponding	   equi-­‐effective	   concentrations	   after	  
antagonist	   treatment	   and	   the	   KA	   and	   fractional	   receptor	   occupancy	   can	   be	  
determined.	  Another	  model	  developed	  by	  Ehlert	  (1985)	  simply	  estimates	  the	  relative	  
efficacy	  values	  by	  using	   the	  ratio	  of	  KA	  and	  EC50	  and	  the	  ratio	  of	  maximum	  response	  
produced	   by	   agonist	   and	  maximum	   response	   of	   the	   full	   agonist	   in	   the	   same	   tissue	  
(Griffin	  et	  al.,	  2007).	  Although	  this	  approach	  is	  easier	  than	  the	  Furchgott	  model,	  some	  
consideration	   of	   limitations	   should	   be	   taken	   when	   this	   model	   is	   used.	   First,	   this	  
method	   is	   only	   valid	   for	   the	   concentration-­‐response	   curves	   when	   their	   slope	   is	   not	  
significantly	   different	   from	  unity.	   Second,	   if	   the	   KA	   used	   in	   this	   equation	   is	   obtained	  
from	  the	  binding	  assays	  that	  might	  be	  different	   from	  the	  functional	  affinity,	   it	  would	  
cause	  a	  significant	  error	  in	  bias	  quantification.	  It	  has	  been	  reported	  that	  the	  affinity	  of	  
the	  agonist	  may	  change	  in	  the	  presence	  of	  different	  signalling	  effectors	  and	  KA	  can	  be	  
different	  for	  distinct	  signalling	  pathways	  (Kenakin	  et	  al.,	  2012a;	  Shonberg	  et	  al.,	  2013).	  
Therefore	   using	   a	   single	   value	   for	   KA	  may	   produce	   a	   significant	   error	   in	   the	   efficacy	  
estimation.	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The	   operational	   model	   developed	   by	   Black	   and	   Leff	   (1983)	   is	   one	   of	   the	   most	  
important	   and	   valuable	   approaches	   and	   has	   been	   extensively	   used	   for	   bias	  
quantification,	   as	   described	   in	   part	   1.4.5.2.	   However	   it	   should	   be	   considered	   that	  
agonist	   affinity	   could	   change	   when	   different	   signalling	   proteins	   are	   coupled	   to	   the	  
receptor	  (Kenakin	  et	  al.,	  2012a).	  Therefore	  using	  an	  independent	  KA	  determined	  from	  
binding	  assay	  may	  introduce	  an	  error	  in	  estimation	  of	  intrinsic	  efficacy.	  
	  
1.4.3.2.	  Biased	  agonism	  	  
1.4.3.2.1.	  Two-­‐state	  and	  multi-­‐state	  receptor	  model	  
Agonist	   binding	   to	   the	   receptor	   results	   in	   the	   receptor	   conformational	   changes	   that	  
lead	   to	   activation	   of	   G-­‐proteins	   and	   a	   range	   of	   downstream	   signalling	   pathways.	  
Historically,	  a	  simple	  on-­‐off	  switching	  model	  was	  defined	  for	  the	  GPCRs.	  In	  this	  model	  
binding	   of	   the	   agonist	   to	   the	   receptor	   shifts	   the	   receptor	   equilibrium	   from	   the	  
predominantly	  inactive	  state	  to	  the	  active	  state	  (Del	  Castillo	  et	  al.,	  1957)	  as	  follow:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Binding	  of	  the	  agonist	  (A)	  to	  the	  receptor	  (R)	  results	  in	  agonist-­‐receptor	  coupling	  (AR)	  
which	   is	   an	   inactive	   state	   and	   the	   affinity	   of	   agonist	   for	   this	   ground	   state	   of	   the	  
receptor	   is	  determined	  by	  KA,	  While	  E	   is	   the	  equilibrium	  constant	   for	   the	  AR	   to	  AR*	  
transition.	  Thus	  the	  receptors	  exist	  in	  ground	  (R)	  and	  active	  (R*)	  states	  which	  agonists	  
have	   higher	   affinity	   for	   R*.	   In	   this	   two-­‐state	   model	   partial	   agonists	   generate	   a	  
submaximal	   response	   even	   by	   occupying	   all	   the	   available	   receptors.	   Competitive	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antagonists	  would	  not	  discriminate	  between	  two	  states	  and	  inverse	  agonists	  prefer	  the	  
inactive	  conformation	  of	  the	  receptor	  (Shonberg	  et	  al.,	  2014).	  	  
	  
More	  recently,	  it	  has	  been	  demonstrated	  that	  signalling	  efficacy	  in	  GPCRs	  is	  not	  linear	  
from	   a	   sequentially	   coupled	   cascades,	  whereas	  multiple	   G	   protein-­‐dependent	   and	   –
independent	   mechanisms	   control	   the	   receptor	   response	   including	   phosphorylation,	  
desensitization	  and	  internalization	  (Kenakin,	  2007).	  Moreover,	  an	  agonist	  acting	  at	  the	  
same	   receptor	   generates	   diverse	   functional	   responses	   in	   different	   pathways	   that	  
cannot	   be	   explained	   by	   a	   simple	   on-­‐off	   switch	   model;	   thus	   a	   multiple	   active	   state	  
conformations	   should	   be	   exist	   that	   can	   preferentially	   interact	  with	   different	   cellular	  
signalling	   proteins.	   Therefore	   the	   ternary	   complex	   and	  more	   recently	   the	   extended	  
ternary	   complex	   model	   has	   been	   proposed	   in	   the	   following	   figure	   (from	   Kenakin,	  
2013):	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  
Within	   this	   scheme,	   the	   receptor	   exists	   in	   inactive	   (Ri)	   and	   active	   (Ra)	   states,	   in	  
equilibrium	  with	  each	  other	  according	  to	  an	  allosteric	  constant	  (L).	  Signalling	  proteins	  
such	   as	   G-­‐protein	   can	   interact	  with	   activated	   receptor	   to	   form	   signalling	   complexes	  
RaG	   and	   ARaG	  with	   equilibrium	   dissociation	   constants	   Kg	   and	   γKg	  respectively.	   The	   γ	  
consider 7TM receptors as conduits in an allosteric system,
whereby the agonist functions as a modulator and the signal-
ling protein a ‘guest’ (Kenakin and Miller, 2010). Thus,
binding of the modulator causes a change in the conduit to
alter its affinity for the guest. This mechanism is shown
schematically in the extended ternary complex (ETC) model
of 7TM receptors (Samama et al., 1993):
Within this scheme, signalling proteins such as
G-proteins bind to the active state of the receptor (with affin-
ity Kg) and to the agonist-bound active state of the receptor
with another (and presumably enhanced) affinity gKg.
Implicit in this model is the fact that different agonists can
impart a different value of g to the receptor; thus, efficacy
becomes a complex function of both a and g. Under these
circumstances, the ‘two-state’ model shown above for spon-
taneously formed receptor states also functions as a multi-
state model in the presence of agonists (the multi-aspect
coming from ligand specific values of g). It should be noted
that the ETC model also implicitly states that the binding of
the G-protein to the activarted receptor automatically leads
to activation. In view of data to show that non-signalling
ternary complexes with ligands have been detected in some
systems (see Kenakin et al., 2000), a more complete linkage
model of 7TM function is described by the cubic ternary
complex model (CTC model; Weiss et al., 1996a; b; c).
However, for the purposes of this discussion of efficacy, the
distinction between the ETC and CTC model is not relevant.
The ETC model was proposed to describe the most com-
monly measured 7TM receptor response at the time, namely
the activation of G-proteins, but theoretically it applies to the
binding of any signalling protein (i.e. b-arrestin) to the recep-
tor leading to response. The appearance of the ternary ARaG
species in the extended ternary complex model highlights a
key feature of 7TM receptors, namely that they are allostseric
proteins. Before discussing efficacy further, it is useful to
consider this property in describing agonism since allosterism
is particularly noted for probe dependent effects (the allos-
teric effect of a molecule on one receptor probe can be com-
pletely different from its effect on another, vide infra).
Efficacy and the allosteric nature
of 7TMRs
As noted previously, 7TMRs are allosteric proteins. Defining
energy as the interaction of a modulator through a conduit
(receptor protein) to affect that conduit’s interaction with
another molecule (termed the guest) further defines agonism
as an allosteric vector. Agonism is that vector directed towards
Figure 2
7TMR agonism as an allosteric system. (A) Classic guest allosterism whereby the effects of a ligand A are modified by the binding of a modulator B
to a separate site on the r ceptor. The affinity f A is altered by a factor upon binding of B; similarly, the efficacy of A is altered by a factor b. The
effects of A are reciprocated on the affinity and efficacy of B. The equation yields the response to the ligand A in terms of the Black/Leff operational
model with A as an agonist of affinity KA-1 and efficacy tA. (B) 7TMR agonism with the agonist as a modulator M and cytosolic signalling protein j
as the allosteric guest. The equation yields response as the Black/Leff fucntion with the receptor/signal protein complex ([jR]) as the agonist species.
BJP T Kenakin
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and	  α	  values	  for	  different	  agonists	  vary	  and	  are	  unique	  for	  the	  agonist-­‐receptor	  pairs;	  
therefore	   the	   efficacy	   is	   a	   function	   of	   both	   values.	   This	   model	   also	   proposed	   that	  
binding	  of	  the	  G-­‐protein	  to	  the	  active	  state	  of	  the	  receptor	  leads	  to	  response	  (Kenakin,	  
2013).	  	  
	  
1.4.3.2.2.	  Efficacy	  is	  pluridimensional	  
Recent	   improvement	   in	   pharmacological	   assays	   (i.e.	   imaging,	   electrical	   impedance,	  
dynamic	   mass	   distribution,	   GTP-­‐ase	   activity,	   receptor	   phosphorylation,	   β-­‐arrestin	  
recruitment,	   receptor	   internalization,	   ERK	   activation,	   etc	   (Milligan,	   2003;	   Kenakin,	  
2009))	   revealed	   that	   MOPrs	   are	   pleiotropic	   and	   can	   interact	   with	   several	   signalling	  
effectors.	   Classically,	   the	  efficacy	  was	   assumed	   to	  be	   the	   same	   for	   all	   the	   responses	  
associated	   with	   a	   ligand-­‐receptor	   pair.	   More	   recently,	   it	   has	   been	   established	   that	  
different	  agonists	   can	  differentially	   regulate	  distinct	   signalling	  pathways	   (Borgland	   et	  
al.,	   2003;	   McPherson	   et	   al.,	   2010;	   Molinari	   et	   al.,	   2010).,	   Such	   observations	   have	  
changed	   the	   concept	   of	   efficacy	   from	   a	   single	   dimension	   to	   pathway	   specific	  
properties.	   The	   terms	   of	   biased	   agonism,	   stimulus	   trafficking,	   agonist-­‐directed	  
trafficking	   of	   receptor	   stimulus	   or	   functionally	   selectivity	   is	   referred	   to	   the	   concept	  
that	  activation	  of	  a	  single	  receptor	  by	  different	  agonists	  may	  trigger	  different	  sets	  of	  
cellular	  signalling	  pathways.	  This	   in	   turn,	  may	  cause	  diverse	   functional	  consequences	  
(Urban	  et	  al.,	  2007;	  Kenakin,	  2011;	  Shonberg	  et	  al.,	  2013;	  van	  der	  Westhuizen	  et	  al.,	  
2014).	  For	  example,	  endomorphins	  are	  partial	  agonists	  in	  G-­‐protein	  activation,	  but	  are	  
full	  agonists	   for	  β-­‐arr2	  recruitment	  and	   internalization,	  Whereas	  Met-­‐enk	  or	  DAMGO	  
efficiently	  activate	  all	  of	  these	  pathways	  (McPherson	  et	  al.,	  2010;	  Rivero	  et	  al.,	  2012).	  
Such	  findings	  strongly	  suggest	  that	  agonists	  can	  stabilize	  different	  conformation	  states	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of	  a	  particular	   receptor	   that	  differentially	   interact	  with	   signalling	  proteins.	   Therefore	  
agonists	  can	  have	  several	  efficacies	  based	  on	  the	  pathways	  are	  being	  monitored	  and	  
thus	   each	   of	   these	   efficacies	   should	   be	   considered	   for	   agonist	   characterization	  
(Kenakin,	  2013).	  
	  
The	  phenomenon	  of	  biased	  agonism	  offers	  new	  perspective	  for	  development	  of	  novel	  
drugs	   that	   are	   pathway	   specific;	   agonists	   that	   selectively	   activate	   the	   signalling	  
pathways	   responsible	   for	   desired	   therapeutic	   effects	   with	   little	   or	   no	   efficacy	   at	  
signalling	  pathways	  causing	  side	  effects	  (Whalen	  et	  al.,	  2011).	  However,	  interpretation	  
of	  pharmacological	  functional	  selectivity	  to	  therapeutic	  advantages	  or	  disadvantages	  is	  
not	   straightforward.	   	   In	   the	   last	   few	   years,	   novel	   analytical	   approaches	   have	   been	  
developed	  that	  are	  facilitating	  the	  evaluation	  of	  biased	  signalling	  in	  therapeutics.	  	  
	  
1.4.3.2.3.	  Biased	  agonism	  at	  μ-­‐opioid	  receptor	  
Opioids	   are	   the	   most	   potent	   and	   effective	   analgesic	   drugs	   for	   the	   management	   of	  
moderate	   to	   severe	   pain.	   In	   vivo	   studies	   on	   MOPr-­‐deficient	   mice	   highlighted	   the	  
important	   role	   of	   MOPr	   in	   mediating	   analgesic	   effects	   produced	   by	   most	   currently	  
used	   opioids.	   It	   has	   been	   established	   that	   the	   effects	   of	   morphine	   analgesia	   were	  
abolished	   in	  MOPr	  mutant	  mice	   (Matthes	   et	  al.,	   1996;	   Loh	   et	  al.,	   1998;	   Fuchs	   et	  al.,	  
1999;	   Sora	   et	   al.,	   1999).	   However,	   chronic	   opioid	   administration	   produces	   profound	  
tolerance	   and	   severe	   side	   effects	   such	   as	   constipation,	   respiratory	   depression,	  
tolerance	  and	  addiction	  that	  limit	  their	  clinical	  use	  (Christie,	  2008).	  Although	  long-­‐term	  
use	  of	  all	  MOPr	  agonists	  leads	  to	  tolerance,	  the	  extent	  of	  tolerance	  varies	  and	  depends	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on	   the	  opioid	   (Morgan	   et	  al.,	  2011).	  Such	  discrepancies	  provide	  valuable	   insight	   into	  
development	  of	  novel	  MOPr	  analgesics	   that	  don’t	  cause	   the	  adverse	  effects.	  Cellular	  
studies	   have	   demonstrated	   that	   different	   agonists	   can	   differentially	   mediate	   MOPr	  
signalling	   and	   regulatory	   events	   including	   G-­‐protein	   activation,	   receptor	  
phosphorylation	  in	  a	  kinase-­‐selective	  manner,	  arrestin	  recruitment,	  internalization	  and	  
desensitization	   (Borgland	   et	   al.,	   2003;	  McPherson	   et	   al.,	   2010;	  Molinari	   et	   al.,	   2010;	  
Doll	   et	   al.,	   2012).	   Morphine	   was	   one	   of	   the	   first	   agonists	   that	   highlighted	   the	  
importance	   of	   functional	   selectivity	   at	   MOPr.	   Firstly,	   the	   efficacy	   of	   morphine	   in	  
promoting	  internalization	  is	  very	  weak	  in	  most	  of	  the	  neurons,	  while	  having	  significant	  
efficacy	  for	  G-­‐protein	  activation	  (Keith	  et	  al.,	  1996;	  Sternini	  et	  al.,	  1996;	  Trafton	  et	  al.,	  
2000;	   He	   et	   al.,	   2002).	   Secondly,	   the	   in	   vivo	   study	   on	   knockout	   mice	   showed	   that	  
disruption	  of	  β-­‐arr2	  dramatically	   changes	  morphine-­‐mediated	   responses.	   It	  has	  been	  
demonstrated	   that	  analgesic	  effects	  of	  morphine	  was	  enhanced	  and	  prolonged	   in	  β-­‐
arr2	   KO	   mice	   while	   the	   morphine-­‐induced	   respiratory	   depression	   and	   acute	  
constipation	   were	   significantly	   diminished	   (Raehal	   et	   al.,	   2005).	   Such	   observations	  
suggested	   the	   hypothesis	   that	   agonists	   with	   significant	   bias	   towards	   G-­‐protein	  
pathway	   and	   away	   from	   β-­‐arrestin	   would	   be	   potential	   candidates	   for	   pain	  
management,	   having	   efficacious	   analgesic	   effects	   and	   less	   side	   effects	   (Chen	   et	   al.,	  
2013).	  
	  
Recent	   studies	   on	   MOPr	   using	   a	   range	   of	   agonists	   demonstrated	   a	   weak	   positive	  
correlation	   between	   G-­‐protein	   activation	   and	   arrestin	   binding	   or	   internalization	  
(Borgland	   et	   al.,	   2003;	   Molinari	   et	   al.,	   2010).	   Consistently,	   Molinari	   et	   al.	   (2010)	  
showed	  that	  pre-­‐treatment	  of	  cells	  with	  pertussis	  toxin	  did	  not	  have	  a	  significant	  effect	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on	  receptor-­‐arrestin	  interaction,	  suggesting	  that	  these	  two	  pathways	  can	  be	  regulated	  
with	   different	   mechanisms.	   It	   should	   be	   noted	   that	   a	   stronger	   correlation	   was	  
observed	  between	  receptor	  phosphorylation,	  arrestin	  recruitment	  and	  internalization	  
(McPherson	  et	  al.,	  2010).	  This	  group	  also	  estimated	  the	  ability	  of	  22	  MOPr	  agonists	  to	  
activate	   G-­‐protein	   measured	   by	   [35S]GTPγS	   	   binding	   and	   recruit	   β-­‐arr2	   using	  
PathHunter	  assay	   in	  HEK-­‐293	  cells.	  They	  showed	  that	  except	  endomorphins,	  most	  of	  
the	   agonists	   displayed	   a	   strong	   correlation	   for	   activating	   of	   these	   two	   signalling	  
outputs.	   However,	   it	   is	   noteworthy	   that	   for	   bias	   quantification	   the	   concentration	  
response	  curves	  were	  fitted	  to	  the	  Black-­‐Leff	  operational	  model	  where	  the	  dissociation	  
constants	   (KD)	  were	   constrained	   to	   the	   values	  obtained	  by	   radioligand	  binding	   assay	  
and	  remained	  constant	  among	  different	  pathways.	  As	  discussed	  above	  and	  argued	  by	  
Kenakin	  and	  Christopoulos	  (2013),	  ligand	  affinity	  can	  be	  different	  for	  distinct	  receptor	  
conformations	   (functional	   affinity).	   Therefore	   using	   a	   single	   affinity	   for	   different	  
pathways	  may	  have	  failed	  to	  adequately	  estimate	  the	  bias	  factor.	  	  
	  
It	  should	  be	  taken	  into	  consideration	  that	  a	  reliable	  and	  accurate	  estimation	  of	  agonist	  
potency	  is	  essential	  for	  bias	  quantification.	  Potency	  of	  an	  agonist	  is	  a	  function	  of	  two	  
properties	   of	   the	   agonist	   including	   intrinsic	   efficacy	   and	   affinity.	   These	  properties	   of	  
the	   agonist	   lead	   to	   stabilizing	   a	   unique	   drug-­‐receptor	   complex	   that	   can	   be	   used	   to	  
characterize	   the	   agonist	   function	   in	   a	   cell-­‐independent	   manner	   (Kenakin,	   2011).	  
However,	   there	   is	   sometimes	   a	   misconception	   about	   intrinsic	   efficacy	   that	   leads	   to	  
incorrect	  estimations	  and	  conclusions.	   In	   fact,	   the	   intrinsic	  efficacy	   is	   referred	   to	   the	  
drug-­‐dependent	   component	   of	   the	   efficacy	   regardless	   of	   the	   system.	   The	  maximum	  
efficacy	  of	  an	  agonist	  relative	  to	  a	  full	  agonist	  in	  a	  tissue	  is	  referred	  to	  intrinsic	  activity	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and	  is	  a	  both	  drug-­‐	  and	  tissue-­‐dependent	  property	  (Kelly,	  2013).	  	  
	  
1.4.3.2.4.	  Quantifying	  functional	  selectivity	  and	  agonist	  bias	  
In	   general	   a	   bias	   plot	   (a	   plot	   that	   shows	   the	   response	   of	   one	   pathway	   against	   the	  
response	   of	   another	   pathway	   from	   the	   equi-­‐concentration	   of	   a	   given	   agonist)	  
incorporates	  three	  different	  types	  of	  bias	  but	  only	  one	  of	  them	  should	  be	  considered	  
for	  the	  therapeutic	  purposes	  (Kenakin	  et	  al.,	  2012a).	  Frist,	  “system	  bias”	  that	  reflects	  
the	  distinct	  coupling	  efficiency	  of	  the	  different	  pathways	  to	  the	  signalling	  proteins	  in	  a	  
particular	  cell.	  The	  system	  bias	   impacts	  all	  agonists	  equally	   in	  a	  specific	  cell	   type	  and	  
should	  be	   eliminated	   from	  bias	   quantification.	   Second,	   “observational	   bias”	  which	   is	  
caused	  by	   the	  sensitivity	  of	  different	  assays.	  Observational	  bias	   reflects	   the	  different	  
experimental	  conditions	  such	  as	  temperature,	  temporal	  factors	  and	  reagents	  between	  
different	  assays.	  Observational	  bias	   is	  unique	  for	  each	  assay	  and	  the	  same	  as	  system	  
bias	  has	  a	  uniformly	  effect	  on	  all	  agonists	  and	  should	  be	  cancel	  out	  from	  calculations.	  
The	   last	   kind	   of	   bias	   that	   can	   be	   exploited	   therapeutically	   is	   agonist	   bias	   which	   is	  
related	  to	  the	  molecular	  structure	  of	  the	  agonist.	  It	  has	  been	  established	  that	  different	  
agonists	  can	  stabilize	  distinct	  receptor	  conformations	  and	  result	   in	  different	  receptor	  
coupling	   to	   the	   signalling	   proteins	   (Stallaert	   et	   al.,	   2011).	   Figure	   1.3	   exemplifies	   the	  
functional	   selectivity	   of	   five	   drugs	   to	   activate	   two	   independent	   signalling	   pathways.	  
Some	  agonists	  can	  stabilize	  two	  or	  more	  states	  of	  the	  receptor	  and	  activation	  of	  each	  
of	  the	  unique	  conformations	  can	  lead	  to	  one	  or	  more	  signalling	  response.	  	  
	  
	  
41
	  	  
	  
	  
Figure	  1.3.	  Schematic	  representation	  of	  functional	  selectivity	  	  
Biased	   agonists	   stabilize	   different	   receptor	   conformational	   states	   so	   that	   each	   state	  
can	   be	   associated	   with	   one	   or	   more	   functional	   outcomes.	   This	   example	   shows	   five	  
distinct	  conformations	  of	  the	  receptor	  that	  can	  selectively	  activate	  different	  signalling	  
pathways.	   Activation	   of	   pathway	   X	   causes	   adverse	   effects	   whereas	   pathway	   Y	   is	  
associated	  with	  therapeutic	  response.	  Ligand	  A	  and	  B	  both	  activate	  pathways	  X	  and	  Y,	  
while	  ligand	  A	  only	  activated	  receptor	  state	  II	  that	  couple	  to	  both	  pathways	  but	  ligand	  
B	  stabilizes	  two	  distinct	  receptor	  conformations	  which	  each	  of	  them	  selectively	  couple	  
to	  one	  of	   the	  pathways.	   Ligand	  C	   selectively	   induces	  pathway	  Y	  activation,	   therefore	  
can	   be	   a	   suitable	   candidate	   for	   therapeutic	   usage.	   Ligand	   D,	   on	   the	   other	   hand	  
promotes	  desensitization	  in	  addition	  of	  therapeutic	  responses	  and	  is	  more	  potential	  to	  
develop	   tolerance.	   Ligand	   E	   is	   the	   most	   efficacious	   ligand,	   which	   leads	   to	   desired	  
therapeutic	  responses	  while	  inhibiting	  the	  side	  effects.	  
The	  figure	  is	  from	  Stallaert	  et	  al.,	  2013.	  
	  
	  
agonist for signaling pathway A, a neutral antagonist for
signaling pathway B and an agonist for receptor endocytosis.
Many of the terms described in this review have been used
previously, sometimes in slightly different contexts to what is
proposed here. However, we hope that this effort to specify
and differentiate among this terminology will help standard-
ize the language used in the field, remove excess ambiguity
and provide a common linguistic platform for researchers in
this exciting field.
One of the limiting factors in considering functional selec-
tivity in GPCR drug discovery programs is the difficulty of
assessing the full spectrum of receptor activity in a rapid
and exhaustive manner. The development of assays that
monitor multiple signaling outcomes in homogeneous and
multiplexed formats as well as various label-free technologies
that provide an integrative assessment of the overall response
represent exciting developments that should help overcome
this obstacle.
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Figure 4. Exploiting functional selectivity in drug discovery. In the simplified example shown here, we present strategies for
the design of compounds for a receptor that couples to two independent signaling pathways: Pathway X, which leads to
adverse effects, and Pathway Y, which is responsible for the desired therapeutic response. In this scenario, both Ligand A and
Ligand B would provide therapeutic benefit but would also elicit unwanted side effects. The mechanism underlying this
profile differs among these ligands. Ligand A does so by stabilizing a receptor conformation (II) that can couple to both
pathways. Ligand B, on the other hand, exhibits the same clinical profile by stabilizing two distinct receptor conformations
(I and III) that respectively couple to each pathway selectively. Ligand C would represent a suitable therapeutic strategy by
selectively coupling to Pathway Y to provide clinical benefit without the side effects produced by Pathway X. Ligand D,
despite selectively coupling to Pathway Y, may not be as clinically effective as Ligand C due to its ability to stabilize a receptor
conformation (V) that can become desensitized to signaling, a response that often leads to the development of tolerance to
the drug. However, by selectively activating Pathway Y and eliciting inverse agonism towards Pathway X, Ligand E could
prove to exhibit the greatest clinical response of them all.
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An	  optimal	  approach	  to	  estimate	  the	  agonist	  bias	  for	  a	  signalling	  pathway	  is	  to	  exploit	  
a	   single	  parameter	   that	   represents	   agonist	   activity	   in	   the	   given	  pathway.	  Comparing	  
the	   agonist	   potency	   (EC50)	   or	  maximal	   response	   (Emax)	   is	   a	   suboptimal	   approach	   for	  
identification	   of	   true	   bias.	   Using	   only	   potency	   values	   cannot	   differentiate	   between	  
agonists	   that	  produce	  different	  maximal	   effects	   and	  using	   Emax	   is	   also	   inadequate	   to	  
discriminate	  between	  full	  agonists.	  Therefore,	  an	  ideal	  scale	  is	  one	  that	  provides	  both	  
potency	   and	  maximal	   efficacy	   information	   (Kenakin	   et	   al.,	   2012a).	   Several	   analytical	  
methods	  have	  been	  proposed	  to	  quantify	  bias	  by	  using	  concentration	  response	  curve	  
data	  (described	  in	  chapter	  4).	  	  
	  
One	   of	   the	   most	   valuable	   and	   applicable	   approaches	   is	   the	   operational	   model	  
developed	  by	  Kenakin	  and	  Christopoulos	  that	  was	  first	  described	  by	  Black-­‐Leff	  (1983),	  
which	  the	  concentration-­‐response	  curve	  data	  was	  fitted	  to	  the	  following	  equation:	  	  
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝐸![𝐴]!𝜏![𝐴]!𝜏! + ([𝐴]+ 𝐾!)!	  
Where	  Em	  is	  the	  maximum	  response	  that	  can	  be	  produced	  in	  a	  system,	  n	  is	  the	  slope	  of	  
dose	   response	   curve,	   [A]	   is	   the	   concentration	  of	   agonist,	   KA	  denotes	   the	   equilibrium	  
dissociation	  constant	  and	  τ	  is	  the	  functional	  efficacy	  which	  shows	  the	  agonist	  efficacy	  
of	  a	  particular	  pathway	  in	  a	  given	  system.	  Therefore,	  τ	  comprised	  both	  agonist-­‐specific	  
factors	  (intrinsic	  efficacy)	  and	  tissue-­‐dependent	  elements	  (receptor	  density	  and	  ability	  
of	   the	   system	   to	   convert	  a	   receptor	   stimulus	   into	   response).	   Therefore	  Em	  and	  n	  are	  
cell-­‐specific	   factors	   and	   thus	   shared	   by	   all	   agonists	   for	   all	   agonists	   through	   a	   given	  
system,	  whereas	   KA	   is	   specific	   for	   the	   ligand-­‐receptor	   couple	   and	   τ	   is	   influenced	   by	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both	   ligand	   and	   pathway.	   Therefore,	   an	   optimal	   scale	   to	   estimate	   biased	   agonism	  
should	   include	   both	   τ	   and	   KA	   values.	   log	   (τ/KA)	   or	   “transduction	   coefficient”	   is	   the	  
efficiency	  of	   the	  agonist	   to	  activate	  a	   signalling	  pathway,	  which	  can	  be	  measured	  by	  
fitting	  the	  concentration-­‐response	  curves	  to	  the	  operational	  model.	  The	  relative	  power	  
of	   the	  agonists	   to	   activate	  each	  pathway	   is	   quantified	  by	  normalizing	   to	   a	   reference	  
ligand	  (Δlog	  (τ/KA))	  in	  order	  to	  cancel	  the	  impact	  of	  the	  system	  bias	  and	  observational	  
bias.	  Actual	  ligand	  bias	  for	  different	  pathways	  can	  be	  calculated	  by	  comparing	  the	  Δlog	  
(τ/KA)	  values	  of	  a	  given	  agonist	  across	  pathways	  to	  calculate	  the	  relative	  transduction	  
ratios	  (ΔΔlog	  (τ/KA))	  (Kenakin	  et	  al.,	  2012b;	  Shonberg	  et	  al.,	  2013).	  	  
	  
1.4.3.2.5.	  The	  importance	  of	  reference	  ligand	  in	  bias	  quantification	  
It	   must	   be	   noted	   that	   bias	   is	   a	   conditional	   term	   and	   it	   should	   always	   be	   used	   in	  
comparison	   to	   another	   agonist	   that	   is	   selected	   as	   a	   reference	   ligand.	   Therefore,	  
reference	  ligand	  plays	  a	  crucial	  role	  in	  terms	  of	  bias	  estimation.	  As	  mentioned	  earlier	  in	  
order	  to	  cancel	  out	  the	  observational	  bias	  and	  system	  bias	  the	  activity	  of	  agonists	  must	  
be	  compared	  with	  the	  same	  reference	  ligand	  in	  each	  assay;	  hence	  an	  ideal	  reference	  
ligand	  needs	  to	  activate	  most	  of	  the	  signalling	  pathways	  and	  possess	  a	  relatively	  high	  
efficacy	  for	  them.	  For	  example,	  morphine	  efficiently	  activates	  G-­‐proteins	  but	  has	  a	  low	  
efficacy	  in	  promoting	  receptor	  phosphorylation	  or	  internalization.	  If	  morphine	  is	  used	  	  
as	   a	   reference,	  many	   drugs	  will	   show	  bias	   towards	  most	   of	   the	   signalling	   pathways.	  
However,	   ligands	   like	   DAMGO	   or	   Met-­‐enkephalin	   are	   such	   good	   candidates	   due	   to	  
their	  reasonable	  effect	  in	  most	  of	  the	  pathways.	  Moreover	  for	  a	  better	  interpretation	  
of	   bias	   in	   vivo	   and	   to	   link	   the	   physiological	   effect	   of	   a	   drug	   and	   cellular	   biased	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signalling,	  a	  ligand	  is	  required	  that	  has	  been	  extensively	  studied.	  In	  order	  to	  determine	  
an	  accurate	  and	  reliable	  bias,	  a	  reference	  agonist	  is	  needed	  to	  cancel	  out	  the	  effects	  of	  
the	   system	   and	   also	   observational	   bias	   that	   occurs	   as	   a	   result	   of	   experimental	  
conditions	  (Thompson	  et	  al.,	  2014).	  
	  
1.4.3.2.6.	  Clinical	  use	  of	  biased	  agonism	  
Identification	   of	   bias	   in	   vitro	   can	   provide	   valuable	   information	   for	   the	   medicinal	  
chemistry	   field	   to	   develop	   novel	   drugs	   with	   functional	   selectivity	   profile	   towards	  
therapeutic	   effects	   versus	   side	   effect.	   Although	   several	   biased	   agonists	   have	   been	  
determined	   in	   vitro,	   the	   therapeutic	   advantages	   of	   bias	   in	   vivo	   are	   not	   yet	   clear.	  
However,	   there	   is	   some	   evidence	   suggesting	   the	   association	   of	   particular	   signalling	  
pathways	  with	   in	   vivo	   responses.	   For	   example,	   it	   has	   been	   reported	   that	  morphine-­‐
induced	   respiratory	   depression	   and	   constipation	   is	   reduced	   in	   β-­‐arr2	   KO	  mice	  while	  
the	  analgesic	  effects	  were	  enhanced.	  Therefore,	  it	  is	  predicted	  that	  opioids	  that	  induce	  
G-­‐protein-­‐receptor	   coupling	   but	   not	   activate	   arrestin	   pathway	  would	   have	   analgesic	  
effects	   with	   less	   side	   effects.	   Recently,	   a	   new	   G-­‐protein	   versus	   β-­‐arr2	   biased	  MOPr	  
agonist,	   TRV130,	   has	   been	   reported	   that	   effectively	   produces	   analgesia	   while	  
generating	   less	   respiratory	   depression	   and	   gastrointestinal	   dysfunction	   (Chen	   et	   al.,	  
2013;	  DeWire	   et	   al.,	   2013).	   These	  observations	   suggest	   that	   arrestin-­‐biased	   agonists	  
could	   be	   such	   potential	   candidates	   in	   terms	   of	   developing	   novel	   analgesics	   while	  
reducing	   side	   effects.	   On	   the	   other	   hand,	   derivatives	   of	   endomorphin-­‐1	   that	   are	  
arrestin-­‐biased,	   have	   been	   found	   to	   produce	   greater	   analgesic	   effects	   with	   no	  
constipation	  and	  less	  anti-­‐allodynic	  tolerance	  compared	  to	  morphine	  (Varamini	  et	  al.,	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2012).	  However,	  it	  should	  be	  taken	  into	  account	  that	  it	  may	  simply	  occur	  due	  to	  low	  G-­‐
protein	  efficacy	  of	  these	  ligands.	  It	  has	  been	  indicated	  that	  the	  lower	  intrinsic	  efficacy	  
agonists	   such	   as	   buprenorphine,	   produce	   less	   respiratory	   depression	   and	   are	   safer	  
analgesics	   than	  high	  efficacy	  agonists	   (Dahan	   et	  al.,	   2006).	  This	  arises	  because	  much	  
greater	   receptor	   occupancy	   is	   needed	   for	   respiratory	   depression	   than	   analgesia.	  
Therefore	  the	  safe	  profile	  of	  these	  compounds	  might	  be	  associated	  with	  low	  intrinsic	  
efficacy	  of	  initial	  signalling	  rather	  than	  their	  biased	  efficacies.	  
	  
Translation	  of	  signalling	  bias	  to	  the	   in	  vivo	  responses	  is	  not	  always	  straightforward.	  It	  
should	  be	  noted	  that	  since	  bias	  is	  an	  intrinsic	  property	  of	  the	  ligand,	  the	  metabolites	  of	  
an	  agonist	  might	  exhibit	  different	   characteristic	   from	   the	  original	   ligand.	   It	   has	  been	  
reported	   that	   three	   metabolites	   of	   morphine	   including	   normorphine,	   6-­‐
acetylmorphine	   and	  morphine-­‐6-­‐glucuronide	   showed	  different	   pattern	  of	   bias	   for	  G-­‐
protein	   activation	   and	   arrestin	   translocation.	   Unlike	   morphine,	   these	   three	  
metabolites	  more	  potently	  and	  effectively	  promoted	  receptor-­‐β-­‐arr2	  interaction	  while	  
being	  less	  potent	  in	  Gi	  protein	  activation	  (Frölich	  et	  al.,	  2011).	  	  
	  
Such	  studies	  offer	  promising	   therapeutic	   targets	  by	  characterizing	  bias	   signalling	  and	  
its	   association	  with	   desirable	   responses	   in	   vivo.	   However,	   in	   order	   to	   develop	   novel	  
and	  potentially	  biased	  drugs,	   it	   is	  essential	  to	  determine	  the	  effect	  of	  various	   ligands	  
on	  different	  signalling	  readouts	  and	  it	  can	  be	  achieved	  by	  using	  sequential	  screening	  of	  
the	  compounds	  in	  different	  assays	  (Kenakin	  et	  al.,	  2012a).	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1.5.	   Cellular	   adaptation	   in	   development	   of	   opioid	   tolerance	   and	  
dependence	  
Adaptive	   processes	   after	   long-­‐term	   opioid	   administration	   play	   a	   key	   role	   in	  
development	  of	   tolerance	   in	  animals	  and	  human	  that	  results	   in	  escalating	  the	  opioid	  
doses	  in	  the	  period	  of	  weeks.	  More	  than	  10	  fold	  opioid	  dose	  escalations	  is	  common	  in	  
chronic	   pain	   patient,	   although	   in	   some	   cases	   hundreds	   of	   fold	   increase	   has	   been	  
reported	   in	   human	   studies	   (Christie,	   2008).	   The	   molecular	   mechanisms	   involved	   in	  
opioid	   tolerance	  have	  not	   fully	   resolved.	   It	   is	   still	  uncertain	  whether	  or	  not	   the	  early	  
signalling	  events	  such	  as	  desensitization	  or	   internalization	  directly	  contribute	   in	   long-­‐
term	  tolerance,	  however	  several	  adaptive	  processes	  have	  been	  reported	  (Williams	  et	  
al.,	   2001;	   Christie,	   2008).	   Biased	   agonism	   offers	   the	   possibility	   of	   development	   of	  
pathway-­‐selective	   drugs	   that	   can	   activate	   the	   antinociceptive	   signalling	   pathways	  
without	   causing	   tolerance.	   Therefore	   understanding	   of	   the	   adaptive	   processes	   that	  
occur	  with	  long-­‐term	  opioid	  administration	  will	  be	  crucial	  for	  drug	  discovery	  in	  hopes	  
of	  developing	  biased	  ligands.	  	  	  
	  
1.5.1.	  Reduced	  recovery	  from	  desensitization	  
Impairment	   of	   rapid	   recovery	   from	  desensitization	   has	   been	   shown	   to	   contribute	   to	  
morphine	   tolerance.	   Electrophysiological	   recording	   of	   LC	   neurons	   from	   animals	  
chronically	   treated	   with	   morphine	   showed	   that	   recovery	   from	   Met-­‐enkephalin-­‐
induced	  desensitization	  was	   incomplete.	   It	  has	  been	  also	   indicated	  that	  although	  the	  
magnitudes	   of	   desensitization	   were	   not	   significantly	   different	   between	   control	   and	  
morphine-­‐treated	  animals,	  the	  rate	  of	  desensitization	  was	  faster	  in	  treated	  rats	  (Dang	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et	   al.,	   2004).	   Impairment	   of	   recovery	   from	   desensitization	   is	   agonist-­‐selective.	  
Quillinan	  et	  al.	  established	  that	  receptor	  recycling	  and	  recovery	  from	  Met-­‐enkephalin-­‐
induced	  desensitization	  was	  diminished	  in	  LC	  neurons	  from	  morphine	  treated	  animals.	  
In	   contrast,	   recycling	   and	   recovery	   were	   both	   unaffected	   in	   cells	   from	   animals	  
chronically	   treated	  with	  methadone.	   They	   also	   reported	   that	   the	   impaired	   recovery	  
and	   recycling	   in	   morphine-­‐treated	   animals	   were	   not	   observed	   in	   β-­‐arr2	   KO	   rats.	  
Furthermore,	  although	  disruption	  of	  GRK2	  had	  no	  impact	  on	  desensitization,	  the	  delay	  
in	  the	  recovery	  was	  reversed	  in	  cells	  from	  morphine-­‐treated	  animals	  (Quillinan	  et	  al.,	  
2011).	  Similarly,	  Dang	  et	  al.,	  reported	  that	  receptor	  resensitization	  was	  accelerated	  by	  
impairment	   of	   β-­‐arr2	   or	   dynamin	   function	   and	   also	   impairment	   of	   resensitization	   in	  
morphine-­‐treated	   animals	   was	   reversed	   by	   disruption	   of	   GRK2	   or	   dynamin	   function	  
(Dang	   et	   al.,	   2011).	   These	   results	   together	   evidence	   the	   adaptive	   regulatory	   role	   of	  
GRK2-­‐	  β-­‐arr2-­‐dynamin	  dependent	  mechanisms	  in	  recovery	  from	  desensitization.	  	  
	  
1.5.2.	  Enhanced	  constitutive	  signalling	  of	  MOPr	  
One	   of	   the	   potential	   mechanisms	   involved	   in	   development	   of	   tolerance	   is	   the	  
possibility	   of	   increasing	   in	   receptor	   constitutive	   activity	   upon	   prolonged	   opioid	  
administration.	   Constitutive	   activity	   in	   the	   absence	   of	   the	   agonist	   has	   been	  
demonstrated	   for	   MOPr	   using	   β-­‐CNA	   in	   HEK-­‐293	   cells	   (Burford	   et	   al.,	   2000).	  
Constitutive	   activity	   of	  MOPr	   has	   been	   reported	   to	   be	   increased	   in	   cells	   chronically	  
treated	  with	  morphine	   (Liu	  et	  al.,	  2001;	  Wang	  et	  al.,	  2004).	  Recording	   from	  VGCC	  of	  
cultured	  DRG	  neurons	  detected	  constitutive	  MOPr	  activity	  in	  β-­‐arr2	  KO	  mice	  but	  not	  in	  
wild-­‐type,	   suggesting	   the	   regulatory	   effect	   of	   β-­‐arr2	   in	   MOPr	   constitutive	   activity	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(Walwyn	   et	   al.,	   2007).	  However,	   this	   regulation	   in	   basal	   signalling	  was	  not	   observed	  
from	  the	  voltage	  clamp	  recordings	  of	  calcium	  channels	  in	  periaqueductal	  gray	  neurons	  
(Bagley	   et	   al.,	   2005)	   and	   LC	   neurons	   (Connor	   et	   al.,	   1999b),	   hence	   the	   increase	   in	  
receptor	  basal	  activity	   following	  chronic	  opioid	  exposure	   is	  not	  yet	  clear	  but	   if	   it	  was	  
the	  case,	  an	  active	  conformation	  of	  the	  receptor	  should	  exist	  even	   in	  the	  absence	  of	  
the	  agonist.	  	  
	  
	  1.5.3.	  The	  regulatory	  role	  of	  GRK2	  in	  opioid	  tolerance	  
Morphine	  has	  a	  regulatory	  effect	  on	  GRK	  gene	  expression.	  Acute	  morphine	  results	   in	  
an	   increase	   in	   mRNA	   level	   of	   GRK-­‐2	   and	   -­‐5	   in	   cerebral	   cortex,	   hippocampus	   and	  
thalamic	  nuclei	  (Ammon‐Treiber	  et	  al.,	  2005).	  It	  has	  been	  reported	  that	  after	  chronic	  
morphine	  treatment,	  GRK2	  protein	  level	  increases	  by	  approximately	  20%	  in	  LC	  neurons	  
(Terwilliger	   et	   al.,	   1994).	   It	   has	   been	   shown	   that	   GRK	   overexpression	   enhances	  
morphine-­‐induced	  desensitization,	  suggesting	  that	  increase	  in	  GRK2	  level	  can	  regulate	  
morphine	  tolerance	  (Williams	  et	  al.,	  2013).	  
	  
1.5.4.	  The	  regulatory	  roles	  of	  β-­‐arr2	  and	  endocytosis	  in	  opioid	  tolerance	  
As	  described	  in	  part	  1.4.3,	  it	  has	  been	  revealed	  that	  β-­‐arr2	  regulates	  morphine-­‐induced	  
tolerance	  and	  withdrawal	  symptoms.	  Anti-­‐nociceptive	  tolerance	  to	  morphine	  but	  not	  
etorphine,	   fentanyl	   and	  methadone	  was	   attenuated	   in	   β-­‐arr2	   KO	  mice	   (Bohn	   et	   al.,	  
2002;	  Raehal	  et	  al.,	  2011a).	  Since	  acute	  administration	  of	  morphine	  does	  not	  efficiently	  
recruit	  β-­‐arr2,	  there	  should	  be	  some	  adaptation	  after	  chronic	  morphine	  treatment	  that	  
potentiates	   the	   role	   of	   β-­‐arr2-­‐dependent	  mechanisms	   in	  morphine-­‐tolerance.	   It	   has	  
49
been	   proposed	   that	   β-­‐arr2	   recruitment	   is	   necessary	   for	   desensitization.	   However,	  
recent	  evidence	  demonstrated	  that	  MOPr	  desensitization	  was	  unaffected	  in	  β-­‐arr2	  KO	  
mice	  (Dang	  et	  al.,	  2009).	  Studies	  above	   indicate	  that	  tolerance	   is	  regulated	  by	  β-­‐arr2	  
only	   in	  morphine-­‐treated	  animals	  but	  not	   in	  animals	  treated	  with	   internalizing	  drugs.	  
One	  explanation	  can	  be	  that	  agonists	  with	  high	  efficacy	  to	  phosphorylate	  the	  receptor	  
such	   as	   DAMGO	   and	   etorphine	   interact	   with	   both	   β-­‐arr1	   and	   β-­‐arr2,	   whereas	  
morphine	  can	  only	  recruit	  β-­‐arr2	  (Groer	  et	  al.,	  2011).	  Therefore,	   in	  the	  absence	  of	  β-­‐
arr2	   morphine-­‐induced	   desensitization	   and	   tolerance	   would	   be	   attenuated.	   In	  
contrast,	  β-­‐arr1	  can	  be	  functionally	  substitute	  for	  β-­‐arr2	  when	  receptors	  are	  exposed	  
to	  DAMGO	  like	  agonists	  (Williams	  et	  al.,	  2013).	  However,	  since	  β-­‐arr1/2	  double	  KO	  is	  
lethal	  this	  proposition	  cannot	  be	  assessed	  in	  vivo.	  	  
	  
It	   has	   been	   proposed	   that	   internalization	   prevent	   tolerance	   development.	   For	  
example,	   Kim	   et	   al.,	   generated	   transgenic	   mice	   where	   a	   part	   of	   the	   C-­‐terminus	   of	  
MOPr	  was	  substituted	  with	  DOPr	   in	  order	  to	  enable	  morphine	  to	  efficiently	  promote	  
internalization	   and	   recycling.	   Although	   the	   antinociceptive	   responsiveness	   of	   these	  
Knockin	  mice	  were	  similar	  to	  wild-­‐type,	  the	  antinociceptive	  tolerance	  was	  significantly	  
reduced	   (Kim	   et	   al.,	   2008).	   Inconsistently,	   more	   recent	   evidence	   showed	   that	  
dephosphorylation	   (Doll	   et	   al.,	   2011)	   and	   resensitization	   (Arttamangkul	   et	   al.,	   2006)	  
were	  both	  unaffected	  when	  internalization	  was	  blocked	  by	  concanavalin	  A.	  In	  addition,	  
an	   in	   vivo	   study	   indicated	   that	   agonists	   with	   different	   profile	   in	   endocytosis	   may	  
produce	   the	   same	   extent	   of	   tolerance	   when	   their	   intrinsic	   efficacies	   for	   G-­‐protein	  
activation	  are	  matched.	  Repeated	   i.c.v.	   injections	  of	  endomorphin	  1	  and	  2	  produced	  
the	  same	  extents	  of	  antinociceptive	  tolerance	  to	  that	  induced	  by	  morphine	  (Soignier	  et	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al.,	   2004).	   Since	   the	   intrinsic	   efficacy	   of	   endomorphins	   for	   G-­‐protein	   activation	   is	  
similar	  to	  morphine	  but	  both	  endomorphins	  strongly	  induce	  internalization,	  the	  results	  
suggesting	   that	   internalization	   may	   not	   be	   required	   for	   development	   of	   opioid	  
tolerance.	  
	  
	  Taken	  together	  a	  large	  number	  of	  cellular	  mechanisms	  and	  regulatory	  events	  seem	  to	  
contribute	   to	   opioid	   tolerance.	   However,	   the	   precise	   molecular	   mechanisms	  
underlying	  opioid	   tolerance	  have	  not	  been	   fully	   resolved.	  Some	  mechanisms	  such	  as	  
the	   GRK-­‐arrestin	   dependent	   pathway,	   desensitization	   and	   internalization	   play	   an	  
important	  role	  in	  development	  of	  tolerance.	  Therefore,	  broadening	  our	  knowledge	  of	  
how	  different	  ligands	  interact	  with	  MOPrs	  and	  induce	  distinct	  signalling	  pathways	  may	  
provide	  valuable	  insight	  to	  our	  understanding	  of	  opioid	  tolerance.	  
	  
1.6.	  Study	  aims:	  
Opioids	   analgesics	   are	   the	  most	   efficacious	   drugs	   for	   the	   treatment	   of	  moderate	   to	  
severe	  pain,	  yet	  they	  cannot	  be	  frequently	  used	  due	  to	  development	  of	  undesired	  side	  
effects	   after	   long-­‐term	  administration.	  Most	  of	   the	  drugs	   in	   this	   class	   generate	   their	  
physiological	   responses	  through	  MOPrs,	  however	  accumulating	  evidence	  reveals	  that	  
while	   opioids	   activate	   a	   single	   type	   of	   the	   receptors,	   they	   differentially	   stimulate	  
cellular	   response	   cascades.	   Therefore,	   opioids	  might	  have	   various	  efficacies	   that	   can	  
be	  biased	  towards	  distinct	  pathways	  and	  results	  in	  agonist	  functional	  selectivity.	  	  
The	   biased	   agonism	   provides	   promising	   avenues	   for	   discovery	   and	   development	   of	  
pathway-­‐selective	  drugs	  that	  stabilize	  particular	  conformations	  of	  the	  receptor	  having	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bias	   towards	   desired	   signalling	   endpoints	   and	   away	   from	   pathways	   responsible	   for	  
adverse	   side	   effects.	   Understanding	   of	   unique	   agonist-­‐receptor	   characterization	  
including	   agonist	   efficacy,	   affinity	   and	   the	   kinetics	   of	   ligand-­‐receptor	   interaction	   is	  
extremely	  important	  for	  drug	  discovery.	  The	  studies	  reviewed	  in	  this	  chapter	  indicate	  
that	   the	   cellular	   signalling	   is	   a	   function	  of	  both	  agonist	   intrinsic	  efficacy	  and	   the	   cell	  
type	  environment,	  which	  this	  latter	  may	  lead	  to	  misinterpretation	  of	  biased	  agonism.	  
Therefore,	   using	   an	   appropriate	   method	   that	   circumvents	   the	   system-­‐dependent	  
factors	  is	  optimal	  for	  bias	  quantification.	  	  
	  
Moreover,	  MOPrs	   are	   coupled	   to	   several	   signalling	   pathways	   and	   produce	   different	  
responses	   that	   seem	   to	   reflect	   the	   stabilization	   of	   distinct	   and	   specific	   receptor	  
conformations	  by	  a	  particular	  agonist.	  Determination	  of	  multiple	  signalling	  readouts	  in	  
a	  simple	  cellular	  model	  is	  an	  ideal	  approach	  to	  associate	  the	  agonist	  activity	  profile	  to	  
physiological	   responses.	   The	   aims	   of	   this	   study	   are	   first	   to	   investigate	   the	   relative	  
effectiveness	   and	  bias	   of	   a	   range	  of	  MOPr	   agonists	   for	   four	   signalling	   pathways	   and	  
also	  provide	  an	  analytical	  method	  to	  quantify	  true	  bias	  which	   is	  applicable	  for	  all	  the	  
agonists.	  The	  efficacies	  of	  agonists	   for	  GIRK	  activation	  are	  determined	  as	  the	  earliest	  
indicator	   of	   G-­‐protein	   pathway.	   Agonist	   efficacies	   for	   Ser375	   phosphorylation,	   βarr-­‐2	  
recruitment	  and	  internalization	  are	  also	  investigated	  because	  a	  large	  body	  of	  evidence	  
revealed	   their	   regulatory	   roles	   for	   inducing	   desensitization,	   producing	   tolerance	   and	  
also	  mediating	  physiological	  responses.	  	  
	  
The	   panel	   of	   agonists	   in	   this	   project	   are	   carefully	   selected	   based	   on	   their	   unique	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abilities	  for	  G-­‐protein	  activation	  and	  receptor	   internalization.	  From	  this	  group,	  Bilaid-­‐
C2	   (has	   been	   developed	   by	   Prof	   Rob	   Capon,	   The	   University	   of	   Queensland)	   is	   a	  
selective	   MOPr	   agonist	   that	   efficiently	   activates	   G-­‐proteins	   whereas	   it	   failes	   to	  
promote	  receptor	  internalization;	  therefore	  can	  be	  one	  of	  the	  potential	  candidates	  for	  
interpretation	  of	  bias	  with	  respect	  to	  internalization.	  
	  
In	  addition	  to	  an	  agonist’s	  bias	  profile	   that	  embodies	  agonist	  efficacy	  and	  affinity	   for	  
specific	   signalling	   pathways,	   ligand-­‐receptor	   interaction	   kinetics	   is	   determined	   as	  
another	   intrinsic	  property	  of	   ligands.	  The	  signalling	  kinetic	   is	  unique	   for	  each	  agonis-­‐
receptor	   pair	   and	   may	   reflect	   the	   receptor	   state.	   Therefore	   the	   other	   aim	   of	   this	  
project	   is	   to	   determine	   the	   correlation	   of	   off-­‐rate	   kinetics	   of	   opioids	   for	   different	  
signalling	   pathways	   (GIRK	   activation,	   Ser375	   phosphorylation	   and	   βarr-­‐2	   recruitment)	  
with	   bias	   profile	   of	   opioids.	   It	   is	   hypothesised	   that	   duration	   of	   receptor	   occupancy	  
might	  influence	  the	  agonist	  bias.	  	  	  	  
	  
In	  Summary	  the	  main	  aims	  of	  this	  study	  are:	  
1. To	  determine	  the	  relative	  efficacy	  and	  potency	  of	  a	  range	  of	  MOPr	   ligands	  to	  
activate	   four	   signalling	   pathways	   including	   GIRK	   activation,	   Ser375	  
phosphorylation,	  βar-­‐2	  recruitment	  and	  receptor	  internalization.	  
2. To	   quantify	   biased	   agonism	   from	   concentration-­‐response	   data	   using	  
transduction	  coefficient	  ratio	  model.	  	  
3. To	   optimize	   a	   new	   analytical	   approach	   for	   bias	   quantification	   using	   the	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functional	  dissociation	  constant	  in	  operational	  model	  
4. To	   determine	   the	   kinetics	   of	   agonist-­‐induced	   GIRK	   current,	   Ser375	  
Phosphorylation	  and	  βarr-­‐2	  recruitment	  in	  AtT20	  cells.	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2.	  Methods	  
2.1.	  Cell	  preparation	  and	  transfection	  
A	   kill	   curve	   was	   constructed	   to	   determine	   the	   concentration	   of	   Geneticin	   (G418,	  
Invitrogen)	  required	  for	  inhibition	  of	  non-­‐tranfected	  cells	  growth.	  Wild-­‐type	  AtT20	  cells	  
were	   grown	   to	   50%	   confluency	   in	   24-­‐well	   plates.	   Cells	  were	   then	   incubated	   for	   one	  
week	   with	   G418	   at	   concentrations	   ranging	   from	   100	   µg/ml	   to	   700	   µg/ml.	   In	   the	  
concentration	  of	  500	  µg/ml	  G418,	  cells	  remained	  at	  50%	  confluency	  after	  one	  week.	  	  
	  
Mouse	  AtT20	  cells	  were	  stably	  transfected	  with	  plasmid	  pcDNA3-­‐FLAG	  MOPr	  (with	  the	  
flag	  epitope-­‐tagged	  to	  the	  N-­‐terminus	  of	  the	  cDNA	  coding	  the	  murine	  MOPr,	  was	  a	  gift	  
from	  Dr.	  Lakshmi	  Devi,	  New	  York	  University	  School	  of	  Medicine.	  10	  µl	  of	  transfection	  
reagent	   Lipofectamine	   (Invitrogen)	   and	  4	  µg	  plamid	  DNA	  were	  mixed	   in	  Opti-­‐MEM	   I	  
(Invitrogen)	   medium	   and	   pre-­‐incubated	   for	   20	   minutes	   at	   room	   temperature,	   the	  
reaction	  mixture	  was	  added	  to	  cells	  grown	  at	  90%	  confluency	  in	  a	  35mm	  dish.	  After	  a	  4	  
hours	   incubation	   at	   37°C	   in	   a	   CO2	   incubator,	   medium	   was	   changed	   with	   complete	  
medium.	   After	   24	   hours,	   cells	  were	   passaged	   at	   a	   1:10	   dilution	   into	   fresh	   complete	  
medium.	   500	   µg/ml	   G418	   was	   added	   the	   following	   day.	   	   After	   2	   weeks	   of	   G418	  
selection,	  48	  potentially	  suitable	  single	  cells	  containing	  the	  plasmid	  with	  the	  neomycin-­‐
resistant	  gene	  were	  transferred	  to	  single	  wells	  using	  a	  micropipette	  and	  were	  grown	  to	  
confluence	  for	  subsequent	  determination	  of	  cell	  surface.	  	  Each	  clone	  was	  screened	  by	  
indirect	  immunofluorescence	  with	  polyclonal	  rabbit	  anti-­‐flag	  antibody	  (Sigma-­‐Aldrich)	  
and	  Alexa	  Fluro	  488	  goat	  anti-­‐rabbit	  antibody	  (Molecular	  Probe).	  MOPr	  Clone	  25	  with	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99%	  cells	  of	  which	  surface	  receptors	  were	  labeled	  was	  selected.	  MOPr	  binding	  density	  
(receptor	   numbers	   of	   cell)	   was	   determined	   on	   intact	   cells	   by	   Saturation	   radioligand	  
binding	  experiment	  (Borgland	  et	  al.,	  2003).	  The	  cell	   transfection	  has	  been	  performed	  
by	  Yan	  Ping	  Du	  in	  my	  supervisor’s	  laboratory.	  
	  
AtT20	   cells	   were	   grown	   and	   maintained	   in	   high	   glucose	   Dulbecco’s	   Modified	   Eagle	  
Medium	   (DMEM)	   including	   L-­‐glutamine	   and	   sodium	   pyruvate	   (Life	   Technologies)	  
supplemented	   with	   10%	   Fetal	   Bovine	   Serum	   (FBS,	   Life	   Technologies),	  
penicillin/streptomycin	   (100	   U/100	   µg	   ml-­‐1,	   Life	   Technologies)	   at	   37°C	   in	   5%	  
CO2/humidified.	  500	  µg/ml	  G418	  (Geneticin,	  Life	  Technologies)	  was	  also	  added	  to	  the	  
medium	  for	  AtT20	  cells	  stably	  expressing	  FLAG-­‐tagged	  MOPr.	  	  
	  
For	  immunohistochemistry	  experiments,	  cells	  were	  grown	  on	  10	  mm	  glass	  coverslips	  in	  
35	  mm	  petri	  dishes.	  For	  electrophysiological	  experiments,	  cells	  were	  grown	  on	  35	  mm	  
petri	  dishes.	  All	  the	  experiments	  were	  performed	  the	  day	  after	  plating	  and	  within	  15	  
passages	  of	  the	  initial	  transfection.	  Cell	  preparation	  for	  BRET	  assay	  is	  described	  in	  part	  
2.3.1.	  
	  
2.2.	  Immunohistochemistry	  	  
2.2.1	  Quantification	  of	  Ser375	  phosphorylation	  
AtT20	  cells	  stably	  expressing	  MOPr	  were	  grown	  on	  coverslip	  to	  ∼50%	  confluence.	  Cells	  
were	   serum	   starved	   for	   at	   least	   30	  minute	   and	   then	   incubated	  with	   agonists	   for	   an	  
indicated	  time	  at	  37°C	  for	  concentration-­‐response	  data	  and	  off-­‐rate	  kinetics	  and	  22°C	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for	   on-­‐rate	   kinetics	   experiments.	   Phosphorylation	  was	   terminated	   by	   fixing	   the	   cells	  
with	  -­‐30°C	  methanol	  followed	  by	  10	  minute	  incubation	  on	  ice.	  Coverslips	  were	  washed	  
3	   ×	   10	  minute	   intervals	  with	   PBS	   and	   then	   incubated	   in	   blocking	   solution,	   10%	   goat	  
serum	  in	  PBS	  at	  room	  temperature	  for	  30	  minute.	  Anti-­‐phospho	  Ser375	  antibody	  (Cell	  
Signalling)	   diluted	   in	   blocking	   solution	   (1:200)	   was	   added	   to	   the	   coverslips	   and	  
incubated	  overnight	  at	  room	  temperature.	  The	  day	  after,	  coverslips	  were	  washed	  3	  ×	  
10	   minute	   with	   PBS	   and	   then	   incubated	   with	   Alexa-­‐fluor	   488	   goat	   anti-­‐rabbit	  
secondary	   antibody	   (1:1000	   in	   blocking	   solution)	   at	   room	   temperature	   for	   1	   hour.	  
Coverslips	  were	  then	  washed	  3	  ×	  10	  minute	  with	  PBS	  and	  mounted	  with	  Fluormount-­‐G	  
(SouthernBiotech)	  on	  glass	  slides.	  	  
	  
Images	  were	  acquired	  by	  a	  confocal	  laser	  scanning	  microscope	  as	  described	  in	  section	  
2.2.3.	   All	   the	   software	   settings	   including	   laser	   intensity,	   photomultiplier	   tube	   (PMT)	  
voltage	   and	   offset	   were	   always	   remained	   constant	   among	   the	   phosphorylation	   as	  
follow:	  laser	  intensity:	  20%;	  PMT:	  550v;	  offset:	  0%.	  Single	  confocal	  images	  were	  taken	  
through	  the	  centre	  of	  the	  AtT20-­‐MOPr	  cells	  chosen	  at	  random.	  
	  
The	  mean	  of	  fluorescence	  intensity	  (mean	  of	  gray	  value,	  gray	  values	  ranging	  from	  0	  to	  
4096)	   was	   quantified	   from	   the	   raw	   16-­‐bit	   images	   using	   Imagej	   (v	   1.44p,	   Wayne	  
Rasband,	  National	   Institutes	  of	  Health,	  USA)	   software.	  A	   line	  was	  drawn	  outside	   the	  
cell	  and	  the	  mean	  of	  the	  total	  cell	   fluorescence	  was	  measured	  for	  single	  cells	   (Figure	  
2.1).	   For	   each	   data	   point,	   phosphorylation	   was	   quantified	   from	   20-­‐50	   cells	   of	   2-­‐3	  
independent	  experiments.	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Figure	  2.1.	  Analytical	  approach	  for	  quantification	  of	  Ser375	  phosphorylation	  
	  
Ser375	   phosphorylation	  was	  measured	   by	   drawing	   a	   line	   outside	   of	   the	   single	   AtT20-­‐
MOPr	  cells	  chosen	  at	  random.	  The	  mean	  fluorescence	  intensity	  value	  of	  Alexa488	  were	  
calculated	  as	  the	  ratio	  of	  number	  of	  pixels	  to	  the	  area	  using	  ImageJ	  software	  (mean	  of	  
gray	  value	  ranging	  from	  0	  to	  4096) 
	  
	  
2.2.1.1.	  Characteristics	  of	  different	  MOPr	  agonists	  to	  induce	  Ser375	  phosphorylation	  
Although	   internalizing	   agonists	   like	   DAMGO	   and	  Met-­‐enkephalin	   produced	   a	   robust	  
phosphorylation	  in	  the	  first	  seconds,	  the	  signal	  was	  diminished	  after	  1	  minute	  at	  37°C.	  
Whereas,	   non-­‐internalizing	   agonists	   like	   morphine	   produced	   a	   detectable	   and	  
significant	  phosphorylation	   level	   at	   this	   time-­‐point	   (Figure	  2.3.A).	   These	   results	  were	  
inconsistent	  with	  previous	  studies.	  It	  has	  been	  widely	  shown	  that	  DAMGO-­‐like	  agonists	  
strongly	  promote	   Ser375	  phosphorylation	  and	   receptors	   remained	  phosphorylated	   for	  
at	  least	  30	  minutes	  (El	  Kouhen	  et	  al.,	  2001;	  Schulz	  et	  al.,	  2004;	  Rivero	  et	  al.,	  2012).	  	  
In	  order	   to	   look	  at	   the	   signalling	  processes	  more	  carefully,	   receptor	  phosphorylation	  
was	   assessed	   at	   room	   temperature	   to	   slow	   down	   the	   intracellular	   mechanisms.	  
Interestingly,	   total	   fluorescence	   (indicating	   Ser375	   phosphorylation)	   induced	   by	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internalizing	  agonists	  was	  robust	  at	  room	  temperature	  after	  1	  minute,	  while	  there	  was	  
no	   significant	   change	   in	   phosphorylation	   level	   for	   non-­‐internalizing	   agonists	   (Figure	  
2.3.B).	   Time	  plot	  of	   Ser375	  phosphorylation	  at	   room	   temperature	   indicated	  a	   gradual	  
and	  continuous	  fluorescence	  reduction	  after	  1	  minute	   in	  DAMGO	  treated	  cells	  while,	  
morphine-­‐induced	   phosphorylation	   reached	   to	   the	   plateau	   during	   3	   minute	   and	  
remained	   for	  at	   least	  5	  minute	   (Figure	  2.3.C).	  Based	  on	   these	   results,	   I	  hypothesised	  
that	   application	   of	   internalizing	   agonist	   leads	   to	   a	   rapid	   recruitment	   of	   regulatory	  
proteins	  such	  as	  arrestins	  that	  could	  potentially	  occlude	  the	  phosphorylated	  site	  so	  the	  
anti-­‐phospho	   Ser375	   antibody	   cannot	   bind	   to	   the	   site	   and	   leading	   to	   a	  weak	   or	   false	  
negative	  staining	  result.	  	  
	  
2.2.1.2.	   The	   necessity	   of	   sodium	   citrate	   buffer	   to	   enhance	   Ser375	   phosphorylation	  
signal	  
It	   should	   be	   noted	   that	   most	   of	   the	   previous	   studies	   that	   quantified	   receptor	  
phosphorylation	   used	  Western	   blot	   assay,	   where	   cells	   are	   lysed	   and	   the	   denatured	  
proteins	   may	   easily	   dissociate	   from	   their	   binding	   sites.	   In	   order	   to	   uncover	   the	  
phosphorylated	   site,	   antigen	   retrieval	   buffer	  was	  used.	  After	  methanol	   fixation	   step,	  
Cells	  were	  heated	  in	  PBS	  supplemented	  with	  10	  mM	  sodium	  citrate	  and	  0.05%	  Tween-­‐
20	  (pH	  6.0)	  at	  95°C	  for	  20	  minute.	  Coverslips	  were	  then	  washed	  3	  ×	  10	  minute	  with	  PBS	  
and	  the	  staining	  was	  continued	  from	  incubation	  with	  blocking	  solution.	  
	  
	  Figures	  2.4.A	  and	  2.4.B,	  show	  the	  time-­‐plot	  of	  DAMGO-­‐	  and	  morphine-­‐induced	  Ser375	  
phosphorylation	  when	  the	  cells	  were	  heated	  in	  citrate	  buffer	  versus	  cells	  in	  the	  control	  
group.	  Citrate	  buffer	  strongly	  enhanced	  the	  fluorescence	  level	  induced	  by	  internalizing	  
59
agonists.	  These	  results	  were	  thoroughly	  consistent	  with	  our	  hypothesis	  and	  confirmed	  
a	   rapid	   recruitment	   of	   regulatory	   proteins	   that	   block	   the	   antibody	   access	   to	   the	  
phosphorylated	   site	   after	   internalizing	   agonist	   exposure.	   Figure	   2.5	   shows	   Ser375	  
phosphorylation	   stimulated	   by	   10	   μM	   DAMGO	   and	   30	   μM	   morphine	   at	   room	  
temperature.	   DAMGO	  produced	   a	   robust	   phosphorylation	   in	   less	   than	   10	   sec,	  while	  
morphine-­‐induced	   phosphorylation	   saturated	   in	   60	   sec	   with	   a	   highly	   significant	  
difference	  to	  DAMGO	  (P<0.0001	  using	  two-­‐way	  ANOVA	  with	  Bonferroni’s	  post-­‐test).	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Figure	  2.2.	  Representative	  images	  of	  Ser375	  phosphorylation	  at	  37°C	  and	  22°C	  
	  	  
Images	   A	   and	   B	   show	   Ser375	   phosphorylation	   after	   1	   minute	   exposure	   to	   Met-­‐
enkephalin	  and	  morphine	  respectively	  at	  37°C.	  Figures	  C	  and	  D	  show	  the	  same	  agonist	  
treatment	  at	  room	  temperature,	  22°C.	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Figure	  2.3.	  Determination	  and	  comparison	  of	  Ser375	  phosphorylation	  at	  37°C	  and	  22°C	  
	  
A,	   B	   show	   Ser375	   phosphorylation	   in	   AtT20-­‐MOPr	   cells	   after	   1	  minute	   exposure	   to	   a	  
range	   of	   non-­‐internalizing	   and	   internalizing	   agonists	   at	   37°C	   and	   room	   temperature	  
(22°C)	   respectively.	   At	   37°C,	   phosphorylation	   produced	   by	   non-­‐internalizing	   agonists	  
was	   significantly	   greater	   than	   internalizing	   ligands,	   however	   at	   room	   temperature	  
contradictory	  results	  were	  observed	  (p<0.0001	  using	  one-­‐way	  ANOVA	  with	  Bonferroni’s	  
post-­‐test).	  C.	  Time-­‐plot	  of	  Ser375	  phosphorylation	  induced	  by	  10	  μM	  DAMGO	  and	  30	  μM	  
morphine	  at	  room	  temperature.	  Each	  point	  represents	  20-­‐50	  cells.	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Figure	   2.4.	   The	   effect	   of	   sodium	   citrate	   buffer	   to	   unmask	   the	   phosphorylated	   site	  
from	  regulatory	  proteins	  recruited	  by	  internalizing	  ligands	  
	  
A,	  B.	  Time-­‐plots	  of	  Ser375	  phosphorylation	  in	  AtT20-­‐MOPr	  stimulated	  by	  10	  μM	  DAMGO	  
and	  30	  μM	  morphine	   respectively	  at	   room	   temperature.	  Each	  point	   represents	  20-­‐40	  
cells.	   A,	   shows	   a	   highly	   significant	   difference	   in	   DAMGO-­‐induced	   phosphorylation	  
between	   cells	   were	   heated	   in	   sodium	   citrate	   buffer	   and	   control	   (p<0.0001	   two-­‐way	  
ANOVA	  using	  Bonferroni’s	   post-­‐test).	   B,	   a	   significant	   difference	  was	  also	   observed	   in	  
some	  time	  points	  of	  morphine-­‐stimulated	  phosphorylation	  in	  citrate	  buffer	  treated	  cells	  
compared	   to	   control	   (except	   at	   time	   points	   10	   and	   180	   seconds),	   using	   two-­‐way	  
ANOVA	  with	  Bonferroni’s	  post-­‐test.	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Figure	  2.5.	   Time	  plots	  of	  DAMGO-­‐	  and	  morphine-­‐stimulated	  Ser375	   phosphorylation	  
after	  using	  sodium	  citrate	  buffer	  	  	  
AtT20	   cells	   stably	   expressing	   MOPr	   were	   incubated	   with	   10	   μM	   DAMGO	   or	   30	   μM	  
morphine	   at	   room	   temperature	   for	   indicated	   times.	   Cells	   were	   then	   fixed	   with	  
methanol	   and	   heated	   in	   sodium	   citrate	   buffer	   at	   95°C.	   Cells	  were	   stained	  with	   anit-­‐
phospho375	   antibody.	   Curves	   were	   fitted	   to	   exponential	   single-­‐phase	   association	  
equation.	  Each	  point	  corresponds	  to	  25-­‐50	  cells.	  A	  significant	  difference	  was	  observed	  
between	   the	   level	   of	   Ser375	   phosphorylation	   induced	   by	   10µM	   DAMGO	   and	   30µM	  
morphine	  in	  all	  data	  points	  (***	  -­‐	  p	  <	  0.0001,	  two-­‐way	  ANOVA	  using	  Bonferroni’s	  post-­‐
test)	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2.2.2.	  Internalization	  
2.2.2.1.	  Quantification	  of	  MOPr	  internalization	  
To	   measure	   receptor	   internalization,	   dual	   staining	   was	   performed	   to	   assess	   the	  
ratiometric	   staining	   of	   membrane	   and	   internalized	   receptors.	   AtT20	   cells	   stably	  
expressing	   FLAG-­‐tagged	  MOPr	   were	   grown	   on	   coverslips	   to	   ∼50%	   confluence.	   Cells	  
were	  serum	  starved	  for	  at	  least	  30	  minute	  and	  then	  incubated	  with	  1	  μM/ml	  Alexa594-­‐
conjugated	   M1	   monoclonal	   anti-­‐FLAG	   (prepared	   from	   Alexa-­‐fluor	   594	   with	   a	  
succinimidyl	  ester	  moiety,	  Molecular	  Probes)	   in	  serum-­‐free	  medium	  for	  30	  minute	  to	  
label	  membrane	  receptors.	  Cells	  were	  then	  incubated	  for	  an	  additional	  30	  minute	  with	  
indicated	   agonist.	   After	   the	   incubation	   time,	   cells	   were	   quickly	   washed	   three	   times	  
with	  ice-­‐cold	  PBS	  lacking	  Mg2+	  and	  Ca2+	  and	  supplemented	  with	  0.04%	  EDTA	  (pH	  7.4.)	  
to	  unbind	  the	  M1	  anti-­‐Flag	  antibody	  from	  the	  surface	  receptors.	  Cells	  were	  then	  fixed	  
in	   4%	   paraformaldehyde	   in	   PBS	   for	   20	   minute	   at	   room	   temperature	   without	  
permeabilization.	  Coverslips	  were	  washed	  3	  ×	  10	  minute	   intervals	  with	  PBS	  and	  then	  
incubated	  in	  blocking	  solution	  containing	  10%	  goat	  serum	  in	  PBS.	  Polyclonal	  anti-­‐Flag	  
primary	   antibody	   was	   added	   to	   the	   coverslip	   (1:1000	   in	   blocking	   solution)	   and	  
incubated	  for	  2	  hours.	  After	  3	  ×	  10	  minute	  wash	  with	  PBS,	  Alexa-­‐fluor	  488	  goat	  anti-­‐
rabbit	  secondary	  antibody	  (1:1000	   in	  blocking	  solution)	  was	  applied	  to	  the	  coverslips	  
and	   incubated	  at	  room	  temperature	  for	  1	  hour.	  Coverslips	  were	  then	  washed	  3	  ×	  10	  
minute	  with	  PBS	  and	  mounted	  with	  Fluormount-­‐G	  (SouthernBiotech)	  on	  glass	  slides.	  	  
Figure	  2.6	  shows	  the	  examples	  of	  receptor	  internalization	  induced	  by	  Met-­‐enkephalin	  
and	  morphine	  and	  also	  the	  receptor	  location	  in	  the	  absence	  of	  agonist.	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Figure	  2.6.	  Representative	  images	  of	  receptor	  internalization	  
	  
Examples	   of	   internalization	   in	   the	   absence	   of	   agonist	   (A),	   after	   30	  minute	  morphine	  
treatment	   (B)	   and	   30	  minute	  Met-­‐enkephalin	   exposure	   (C).	   Green	   and	   red	   represent	  
Alexa488	  (membrane	  receptors)	  and	  Alexa594	  (internalized	  receptors)	  respectively.	   In	  
the	  control,	  receptors	  predominantly	  located	  at	  cell	  surface,	  whereas	  in	  treated	  cells	  a	  
fraction	  of	  the	  receptors	  were	  internalized	  in	  an	  agonist-­‐dependent	  manner.	  	  
	  
	  
2.2.2.2.	  Ratiometric	  fluorescence	  quantification	  
The	   integrated	   density	   of	   Alexa594	   and	   Alexa488	   were	   calculated	   separately	   using	  
Imagej	   (v	   1.44p)	   software.	   A	   line	   was	   drawn	   outside	   the	   cell	   and	   the	   total	   cell	  
fluorescence	  (as	  the	  number	  of	  pixel	  with	  an	  intensity	  above	  threshold)	  was	  measured	  
for	  each	  channel	  separately.	  The	  percentage	  of	  receptor	  internalization	  was	  calculated	  
from	  the	  ratio	  of	  Alexa594	  (red,	  internalized	  receptor)	  over	  total	  fluorescence	  (sum	  of	  
the	  red	  and	  green,	  internalized	  receptors	  and	  surface	  receptors).	  For	  each	  data	  point,	  
internalization	  was	  quantified	  from	  20-­‐30	  cells	  of	  2-­‐3	  independent	  experiments.	  	  
	  
	  
A.	  Untreated	   B.	  Morphine	   C.	  Met-­‐enkephalin	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2.2.3.	  Confocal	  microscopy	  
Images	   were	   acquired	   by	   a	   confocal	   laser	   scanning	   microscope	   (Olympus	   FV300,	  
BX61WI	   microscope,	   Japan).	   High-­‐resolution	   images	   (optical	   magnification:	   60X;	  
resolution:	  1024	  ×	  1024	  pixels)	  were	  obtained	  using	  a	  60×	  oil	  objective	  (UPFL). All	  the	  
software	   settings	   including	   laser	   intensity,	   photomultiplier	   tube	   (PMT)	   voltage	   and	  
offset	   were	   always	   remained	   constant	   for	   the	   same	   experiment	   (separate	   fixed	  
settings	   for	   phosphorylation	   and	   internalization).	   Single	   confocal	   images	  were	   taken	  
through	  the	  centre	  of	  the	  AtT20-­‐MOPr	  cells	  chosen	  at	  random.	   
	  
2.3.	  Bioluminescence	  Resonance	  Energy	  Transfer	  (BRET)	  assay	  
2.3.1.	  Transient	  transfection	  
Day	  1,	  plating:	  AtT20	  cells	  were	  grown	  at	  2	  ×	  106	  cells/dish	  in	  100	  mm	  petri	  dishes	  in	  
full	  growth	  medium.	  	  
	  
Days	   2	   and	   3,	   transfection	   and	   replating:	   AtT20	   cells	   were	   transfected	   with	   three	  
following	  constructs:	  mMOPr	   tagged	  with	  Renilla	   luciferase	   (Rluc),	  βarr2	   tagged	  with	  
yellow	   fluorescent	   protein	   (YFP)	   and	  G-­‐protein	   kinase	   2	   (GRK2)	   in	   the	   ratio	   of	   1:4:2	  
respectively;	  and	  also	  polyethylenimine	  (PEI),	   linear	  MW-­‐25000.	  1	  μg	  MOPr-­‐Rluc,	  4μg	  
βarr2-­‐YFP,	  2	  μg	  GRK2	  and	  1mg/μl	  PEI	  (ratio	  1:6,	  DNA:PEI),	  diluted	  in	  150	  mM	  NaCl,	  pH	  
7.4.,	  were	  mixed	  together	  and	  after	  10	  minute	  incubation	  at	  room	  temperature,	  were	  
added	  to	  the	  cells.	  Transfected	  cells	  were	  incubated	  for	  24h	  and	  then	  tripsinized	  and	  
transferred	  to	  poly-­‐L-­‐lysine	  coated	  96-­‐well	  plates	  (Sigma-­‐Aldrich).	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2.3.2.	  Measurement	  of	  β-­‐arr2	  recruitment	  
Day	  4,	  BRET	  assay:	  Cells	  were	  washed	  with	  Hank’s	  balanced	   salt	   solution	   (HBSS,	   Life	  
Technologies)	   and	   incubated	   in	   HBSS	   supplemented	   with	   0.05%	   bovine	   serum	  
albumins	   (BSA,	   Sigma-­‐Aldrich)	   for	  30	  minute.	   5	  μM	  RLuc	   substrate,	   coelenterazine-­‐H	  
(Promega)	  was	  added	  to	  each	  well	  5	  minute	  before	  running	  the	  experiments	  and	  cells	  
incubated	  in	  the	  dark	  at	  37°C.	  	  
	  
For	  the	  concentration-­‐response	  data,	  the	  BRET	  was	  measured	  for	  the	  first	  two	  cycles	  
before	  adding	  the	  agonists	  to	  define	  the	  baseline.	  Test	  ligands	  were	  manually	  added	  to	  
the	   wells	   in	   triplicate.	   Plate	   was	   then	   returned	   to	   the	   microplate	   reader	   (FLUOstar	  
Omega)	   to	   measure	   fluorescence	   and	   luminescence.	   For	   the	   kinetic	   quantifications,	  
tested	   agonists	   and	   naloxone	   were	   added	   by	   two	   injectors	   embedded	   in	   the	  
microplate	  reader.	  First	  20	  cycles	  (every	  6	  seconds)	  were	  measured	  before	  adding	  the	  
drugs	  to	  estimate	  the	  baseline.	  The	  BRET	  was	  calculated	  from	  the	  ratio	  of	  fluorescence	  
and	  luminescence	  and	  normalized	  to	  the	  baseline.	  Figure	  2.7,	  shows	  the	  schematic	  of	  
βarr2	  recruitment	  determined	  by	  BRET.	  In	  the	  absence	  of	  the	  drug,	  stimulation	  of	  Rluc	  
by	  coelenterazine-­‐H	  (CzH)	  results	  in	  releasing	  light	  emission	  at	  480	  nm	  and	  turning	  of	  
CzH	   into	   Coelenteramide	   (Cm).	   Binding	   the	   agonist	   to	   the	   receptor	   promotes	   βarr2	  
recruitment	  to	  the	  activated	  receptor	  and	  in	  turn	  βarr2-­‐YFP	  transfers	  to	  the	  vicinity	  of	  
the	   MOPr-­‐Rluc.	   Light	   emitted	   from	   Rluc	   activated	   by	   CzH	   transfers	   to	   the	   YFP	   and	  
induces	  light	  emission	  at	  530	  nm.	  BRET	  ratio	  was	  estimated	  as	  the	  ratio	  of	  fluorescence	  
(YFP)	   and	   luminescence	   (Rluc)	   values	   and	   normalized	   to	   the	   baseline	   of	   each	   well	  
(BRET	  ratio	  before	  adding	  the	  drug).	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Figure	  2.7.Schematic	   representation	  of	  Bioluminescence	  Resonance	  Energy	  Transfer	  
(BRET)	  
	  
Resonance	   energy	   transfer	   occurs	   when	   the	   protein	   and	   the	   receptor	   are	   in	   close	  
proximity	   (less	  than	  10	  nm).	  Rluc	  catalyses	  the	  oxidation	  of	  coelenterazine-­‐H	  (CzH)	  to	  
Coelenteramide	   (Cm)	   and	   results	   in	   light	   emission	   at	   480	   nm.	   When	   receptor	   is	  
activated	   by	   an	   agonist,	   βarr2-­‐YFP	   translocated	   into	   activated	   receptor	   and	   leads	   to	  
stimulation	  of	  YFP	  by	   light	  emitted	  from	  Rluc.	  Activated	  YFP	   induces	   light	  emission	  at	  
530	  nm.	  	  
	  
	  
2.4.	  Electrophysiology	  
The	  GIRK	  current	  was	  recorded	  from	  cultured	  AtT20	  cells	  stably	  expressing	  MOPr	  using	  
perforated	   patch-­‐clamp	   technique.	   In	   all	   experiments	   the	   K+	   concentration	   of	   the	  
external	  solution	  was	  raised	  from	  3	  mM	  to	  20	  mM	  by	  shifting	  the	  control	  solution	  (140	  
mM	  NaCl,	  3	  mM	  KCl,	  1.8	  mM	  CaCl2,	  1.2	  mM	  MgCl2,	  10	  mM	  HEPES	  and	  10mM	  glucose,	  
pH	  adjusted	  to	  7.3	  –	  7.4)	  to	  the	  high	  potassium	  (120	  M	  NaCl,	  20	  mM	  KCl,	  1.8	  mM	  CaCl2,	  
1.2	  mM	  MgCl2,	  10	  mM	  HEPES	  and	  10mM	  glucose,	  pH	  adjusted	  to	  7.3	  –	  7.4)	  to	  reverse	  
the	  driving	  force	  of	  the	  channel	  and	  provide	  a	   large	   inward	  current.	  Glass	  electrodes	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(3–5	  MΩ)	  were	  filled	  with	  a	  solution	  containing	  135	  mM	  K-­‐gluconate,	  5	  mM	  HEPES,	  3	  
mM	  MgCl2,	  5	  mM	  EGTA	  and	  1	  mg/ml	  amphotericin	  B,	  pH	  adjusted	  to	  7.3	  –	  7.4	  using	  
KOH.	  For	   the	  concentration-­‐response	  curves,	  GIRK	  current	  was	   recorded	  using	  a	  200	  
ms	  voltage	  step	  of	  -­‐120	  mV	  from	  a	  holding	  potential	  of	  -­‐60	  mV	  applied	  every	  2	  s.	  Two	  
or	  more	  concentrations	  of	  agonist	  were	  applied	  on	  each	  cell.	  For	  Kinetics	  experiments,	  
the	   current	  was	   recorded	  at	   holding	  potential	   of	   -­‐120	  mV.	   Since	  MOPr	   agonists	   and	  
somatostatin	   both	   activate	   the	   same	   population	   of	   GIRK	   channels	   (Miyake	   et	   al.,	  
1989),	   for	   normalizing	   the	   concentration-­‐response	   data	   1	   μM	   somatostatin	   was	  
superfused	  after	  MOPr	  agonists	  application	  in	  each	  experiment.	  
	  
2.5.	  Data	  analysis	  	  
All	   data	   are	   presented	   as	   mean	   ±	   S.E.M	   and	   plotted	   and	   analysed	   using	   GraphPad	  
Prism	   v6.	   Concentration-­‐response	   data	   were	   fitted	   to	   a	   nonlinear	   three-­‐parametric	  
logistic	   equation.	   Significant	   differences	   between	  means	  were	   tested	   using	   one-­‐way	  
ANOVA	  with	  Bonferroni’s	  post-­‐test	  or	  two-­‐way	  ANOVA	  followed	  by	  Bonferroni’s	  post-­‐
test	  for	  the	  grouped	  data.	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2.5.1.	  Bias	  quantification	  
The	  concentration-­‐response	  data	  was	  fitted	  to	  the	  operational	  model	  to	  determine	  the	  
transduction	  ratios	  (τ/KA)	  of	  the	  ligands	  using	  equation	  1	  	  
	  
(1)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐸 = 𝐵𝑎𝑠𝑎𝑙 + 𝐸𝑚−𝐵𝑎𝑠𝑎𝑙 𝜏𝑛[𝐴]𝑛𝜏𝑛[𝐴]𝑛+( 𝐴 +𝐾𝐴)𝑛	  
	  
where	  𝐸	  is	   the	   ligand	  response,	  𝐵𝑎𝑠𝑎𝑙	  is	   the	  baseline	  and	  equals	   the	  response	   in	   the	  
absence	   of	   the	   ligand	   and	  𝐸!	  is	   the	  maximal	   possible	   response	   in	   a	   tissue.	   The	   [A]	  
denotes	   agonist	   concentration	   and	   KA	   is	   the	   functional	   equilibrium	   dissociation	  
constant.	  The	  τ	  value	  is	  an	  index	  of	  the	  agonist	  efficiency	  for	  a	  particular	  pathway	  and	  
n	   is	   the	   slope	   of	   transducer	   function.	   In	   order	   to	   calculate	   (τ/KA),	   the	   curves	   were	  
directly	  fitted	  to	  the	  equation	  2,	  which	  derived	  from	  first	  equation.	  
	  
(2)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐸 = 𝐵𝑎𝑠𝑎𝑙 + 𝐸𝑚−𝐵𝑎𝑠𝑎𝑙1+ [𝐴]10𝑙𝑜𝑔𝐾𝐴   +  110𝑙𝑜𝑔𝑅×[𝐴] 	  
	  
All	   the	   curves	   for	   each	   pathway	   were	   fitted	   to	   equation	   2	   using	   software	   package	  
Prism	   GraphPad	   v6,	   where	   the	  𝐸! ,	  𝐵𝑎𝑠𝑎𝑙 	  and	   n	   values	   were	   shared	   between	   all	  
agonists.	  The	  log	  KA	  value	  was	  constrained	  to	  zero	  for	  full	  agonists,	  while	  the	  functional	  
KA	   for	  partial	  agonists	  was	  calculated	   from	  curve	   fitting.	  The	  𝑙𝑜𝑔𝑅,	  which	  referred	  to	  log  ( 𝜏𝐾𝐴)	  was	  estimated	  as	  a	  parameter	  of	  agonist	  activity	  in	  a	  particular	  pathway.	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In	   order	   to	   cancel	   the	   influence	   of	   system	   and	   the	   observational	   bias,	   the	   ligand	  
activity	  was	  compared	  to	   the	  activity	  of	  DAMGO	  (reference	   ligand)	   in	  each	  signalling	  
pathway	  using	  equation	  3.	  
	  
(3)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Δ𝑙𝑜𝑔 !!! = 𝑙𝑜𝑔 !!! !"#$%& − 𝑙𝑜𝑔 !!! !"#$%	  
	  
The	   relative	   effectiveness	   of	   ligands	   to	   DAMGO	   in	   each	   pathway	   was	   estimated	   by	  
equation	   4	   and	   the	   standard	   errors	   for	   relative	   effectiveness	   were	   calculated	   using	  
equation	  5.	  
	  
(4)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑅𝑒𝑙𝑒𝑡𝑖𝑣𝑒  𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 = 10!!"# !!! 	  
	  
(5)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑆.𝐸. !!"# !!! = 𝑆.𝐸.𝑀.!"#$%& ! − 𝑆.𝐸.𝑀.!"#$% !	  
	  
Ligand	   bias	   was	   calculated	   as	   the	   difference	   of	   relative	   effectiveness	   of	   an	   agonist	  
between	  two	  signalling	  pathways	  using	  equation	  6.	  The	  bias	   factor	  and	  the	  standard	  
errors	  for	  ligand	  bias	  were	  calculated	  from	  equation	  7	  and	  8	  respectively.	  	  	  
	  
(6)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	    ΔΔ𝑙𝑜𝑔 !!! = 𝑙𝑜𝑔 !!! !"#!!"#! − 𝑙𝑜𝑔 !!! !"#!!"#!	  
	  
(7)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐵𝑖𝑎𝑠  𝑓𝑎𝑐𝑡𝑜𝑟 = 10  !!!"# !!! 	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(8)	  	  	  𝑆.𝐸. !!!"# !!! = 𝑆.𝐸. !!"# !!! !"#!!"#!
! − 𝑆.𝐸. !!"# !!! !"#!!"#!
!
	  
	  
Statistical	  analysis	  was	  performed	  using	  one-­‐way	  ANOVA	  followed	  by	  Bonferroni	  post-­‐
test	  (van	  der	  Westhuizen	  et	  al.,	  2014).	  
	  
2.5.2.	  Estimation	  of	  equilibrium	  dissociation	  constant	  using	  receptor	  inactivation	  	  
Concentration-­‐response	   curves	   for	   GIRK	   current	   were	   constructed	   before	   and	   after	  
fractional	   receptor	   inactivation	   for	  each	  agonist.	  For	   receptor	  occlusion,	  AtT20-­‐MOPr	  
cells	  were	  pre-­‐incubated	  with	  30	  nM	  irreversible	  MOPr	  antagonist	  β-­‐chlornaltrexamine	  
(β-­‐CNA)	   for	  at	   least	  10	  minute	  at	  37°C.	  The	  reciprocals	  of	   the	  agonist	  concentrations	  
before	   β-­‐CNA	   treatment	   were	   plotted	   against	   the	   reciprocals	   of	   equieffective	  
concentrations	   of	   that	   agonist	   after	   treatment	   (Furchgott	   et	   al.,	   1967).	   The	  
concentration	  plots	  were	  fitted	  to	  a	   linear	  regression	  (eq.9),	  where	  q	  and	  [A]	  denote	  
the	  fraction	  of	  receptors	  remained	  active	  and	  agonist	  concentration	  respectively.	  From	  
the	  equation	  KA	  equals	  
(!"#$%!!)!"#$%&$'#	  .	  
(9)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
![!] = !!!!  [!!] + !!!!	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2.5.3.	  Calculation	  of	  on-­‐rate	  and	  off-­‐rate	  kinetics	  
In	   order	   to	   calculate	   the	   kon	   values,	   time	   plots	   of	   different	   concentrations	   of	   an	  
agonist,	   one	  maximal	   and	   two	   submaximal	   concentrations,	  were	   fitted	   to	   an	   single-­‐
phase	   exponential	   association	   function	   and	   apparent	   association	   constants	   were	  
estimated	   (kobs).	   The	   kobs	   values	   were	   plotted	   against	   corresponding	   concentrations	  
and	  fitted	  to	  a	  linear	  regression	  (eq.	  10),	  where	  kon	  equals	  slope	  of	  the	  line	  and	  koff	  is	  
the	  y-­‐intercept	  and	  equilibrium	  dissociation	  constant	  (Kd)	  estimated	  from	  eq.	  11.	  	  
(10)	  	  	  𝑘!"# = 𝑘!"" + 𝑘!"[𝐿𝑖𝑔𝑎𝑛𝑑]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (11)	  	  	  𝐾! = 𝑘𝑜𝑓𝑓𝑘𝑜𝑛 	  
The	   actual	   koff	   was	   determined	   by	   fitting	   the	   off-­‐rate	   time	   plots	   to	   a	   single-­‐phase	  
exponential	  decay	  function.	  
	  
2.6.	  Drugs	  and	  reagents	  
[Met5]-­‐Enkephalin,	   [D-­‐Ala2,	  NMe-­‐Phe4,	  Gly-­‐ol5]-­‐enkephalin	   (DAMGO),	   endomorphin-­‐2	  
and	   naloxone	   HCl	   supplied	   by	   Sigma-­‐Aldrich,	   Australia	   and	   morphine	   HCl	   (GSK,	  
Australia),	  fentanyl	  citrate,	  oxycodone	  HCl,	  oxymorphone	  HCl	  and	  methadone	  HCl	  (last	  
four	   ligands	  supplied	  by	  National	   Institute	  of	  Drug	  Abuse	  Drug	  Supply	  program,	  USA)	  
were	   dissolved	   in	   distilled	  water.	   Bilaid-­‐C2	  was	   provided	   by	   Rob	   Capon,	   Institute	   of	  
Molecular	   Biology,	   The	   University	   of	   Queensland	   and	   dissolved	   in	   10%	   dimethyl	  
sulfoxide	   (DMSO).	   Phospho-­‐μ-­‐opioid	   receptor	   (Ser375)	   antibody	   was	   from	   Cell	  
signalling,	   Australia.	   Anti-­‐FLAG	   polyclonal	   antibody,	   Anti-­‐FLAG	   monoclonal	   M1	   and	  
concanavalin	  A	   (Con	  A)	  were	  provided	   from	  Sigma-­‐Aldrich,	  Australia.	  Alexa	   fluor	  594	  
protein	  labeling	  kit,	  Alexa	  fluor	  488	  goat	  anti	  rabbit	  antibody,	  high	  glucose	  Dulbecco’s	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Modified	  Eagle	  Medium	  (DMEM)	  with	  L-­‐glutamine	  and	  sodium	  pyruvate,	  Fetal	  Bovine	  
Serum	  (FBS),	  goat	  serum,	  penicillin/streptomycin	  and	  G418	  (Geneticin)	  were	  from	  Life	  
Technologies,	  Australia.	  Sodium	  citrate	  buffer	   from	  BDH	   laboratory	  supplies,	  UK.	  The	  
rest	  of	  reagents	  were	  obtained	  from	  Sigma-­‐Aldrich,	  Australia. 
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  3.	  Measurement	  of	  agonist	   relative	  efficacy	  and	  potency	   from	  
concentration-­‐effect	  data	  
	  	  	  
Chapter	  aims:	  
To	  determine	  the	  relative	  efficacy	  and	  potency	  of	  9	  opioid	  ligands	  to	  activate	  four	  main	  
signalling	  pathways:	  
	  
1. G-­‐protein	  βγ	  subunit	  activated	  GIRK	  current	  
2. Phosphorylation	  of	  Ser375	  site	  at	  carboxyl-­‐terminal	  region	  of	  MOPr	  
3. Recruitment	  of	  the	  trafficking	  protein,	  βarr-­‐2	  	  
4. μ-­‐opioid	  receptor	  endocytosis	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  3.1.	  INTRODUCTION:	  
Opioids	   such	   as	   morphine	   are	   the	   most	   effective	   analgesic	   drugs	   for	   treatment	   of	  
moderate	  to	  severe	  pain.	  However	  their	  clinical	  use	  is	  greatly	  limited	  by	  development	  
of	   the	   side	   effects	   including	   life	   threatening	   respiratory	   depression,	   severe	  
constipation,	  tolerance	  and	  addiction	  (Christie,	  2008).	  The	  molecular	  basis	  underlying	  
the	  mechanisms	  of	  these	  adverse	  effects	  has	  been	  under	  much	  investigation	  in	  recent	  
years.	   Opioids	   can	   mediate	   a	   range	   of	   acute	   cellular	   signalling	   and	   long-­‐term	  
regulatory	  behaviours	  in	  a	  ligand-­‐dependent	  manner	  (McPherson	  et	  al.,	  2010;	  Molinari	  
et	   al.,	   2010).	   The	   ability	   of	   different	   ligands	   to	   differentially	   activate	   signalling	  
pathways	  is	  referred	  to	  as	  biased	  agonism	  or	  functional	  selectivity.	  Biased	  agonists	  can	  
preferentially	  activate	  certain	  signalling	  pathways	  over	  others.	  This	  concept	  opens	  the	  
field	  to	  discovery	  of	  agonists	  that	  selectively	  activate	  a	  signalling	  pathway	  that	  leads	  to	  
the	  desired	  therapeutic	  response,	  while	  not	  activating	  other	  signalling	  pathways	  that	  
produce	  side	  effects	  (Kelly,	  2013).	  
	  
MOPr	   is	   a	   Gi/o–coupled	   receptor	   that	   stimulates	   a	   range	   of	   signalling	   pathways	  
including	   activation	   of	   inwardly	   rectifying	   potassium	   channels	   (GIRK	   channels),	  
blockade	   of	   voltage-­‐gated	   calcium	   conductance	   and	   inhibition	   of	   adenylyl	   cyclase.	  
Persistent	   exposure	   of	   opioid	   agonists	   leads	   to	   MOPr	   phosphorylation	   followed	   by	  
arrestin	  recruitment	  and	  receptor	  internalization	  (Williams	  et	  al.,	  2001;	  Christie,	  2008).	  
Recent	   studies	   have	   demonstrated	   that	   phosphorylation	   of	   up	   to	   20	   residues	   in	   the	  
intracellular	   region	   of	   MOPr	   could	   contribute	   in	   receptor	   desensitization	   and	  
endocytosis	  (Connor	  et	  al.,	  2004;	  Koch	  et	  al.,	  2008).	  Mutation	  of	  several	  residues	  in	  the	  
C-­‐terminal	   of	  MOPr	   has	   suggested	   that	   Ser375	   is	   a	   crucial	   residue	   for	   GRK-­‐mediated	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  phosphorylation,	  arrestin	  recruitment	  and	  endocytosis	  (El	  Kouhen	  et	  al.,	  2001;	  Schulz	  
et	   al.,	   2004;	   Lau	   et	   al.,	   2011).	   As	   discussed	   in	   section	   1.3.3,	   it	   has	   been	   shown	   that	  
βarr2	   plays	   an	   important	   role	   in	   producing	   opioids-­‐induced	   side	   effects	   and	  
development	  of	  tolerance.	  	  
	  
At	   the	  molecular	   level,	   there	   is	   evidence	   that	   different	   agonists	   acting	   at	   the	   same	  
receptor	   can	   stabilise	   distinct	   receptor	   conformations,	   and	   consequently	   activate	  
specific	   signalling	  pathways	   leading	   to	  different	   functional	  outcomes	   (Kenakin,	  2011;	  
Shonberg	   et	   al.,	   2014).	  Most	   of	   the	   studies	   to	   date	  have	   investigated	   the	  bias	   of	  G-­‐
protein	  mediated	   signalling	   towards	  β-­‐arr2,	  however	   the	  bias	   is	  not	   limited	   to	   these	  
pathways	  and	  there	  have	  been	  some	  studies	   indicating	  a	  spectrum	  of	  bias	   for	  opioid	  
agonists.	  
	  
Accurate	  measurement	  of	  agonist	  potency	   is	  essential	   for	  detection	  of	  MOPr	  agonist	  
bias.	  Potency	  of	  a	   ligand	   is	  a	  function	  of	  both	   its	  affinity	  to	  couple	  to	  the	  receptor	   in	  
the	   specific	   pathway	   and	   its	   efficacy	   to	   produce	   a	   response	   at	   the	   same	   pathway.	  
However,	   efficacy	   itself	   is	   both	  a	  drug-­‐	   and	   tissue-­‐dependent	  property	  of	   an	  agonist	  
that	   can	  vary	   from	   tissue	   to	   tissue.	   For	  example	  a	   ligand	   that	   is	   a	   full	   agonist	   in	   cell	  
lines	  expressing	  high	  level	  of	  receptors,	  can	  be	  a	  partial	  agonist	  in	  neurons	  with	  lower	  
receptor	   density	   (Selley	   et	   al.,	   1998).	   Intrinsic	   efficacy	   is	   an	   important	   property	   of	  
agonists	  that	  is	  referred	  to	  the	  drug-­‐dependent	  component	  of	  efficacy.	  Determination	  
of	   intrinsic	   efficacy	   enables	   comparison	   of	   receptor	   signalling	   efficacy	   produced	   by	  
different	  drugs	  relative	  to	  receptor	  occupancy	  (Strange,	  2008;	  Kelly,	  2013).	  In	  addition,	  
the	  tissue	  factors	  need	  to	  be	  taken	  into	  consideration.	  To	  cancel	  out	  the	  effects	  of	  the	  
77
	  system,	   relative	   intrinsic	   efficacy	   needs	   to	   be	   quantified,	   indicating	   the	   intrinsic	  
efficacy	  of	  an	  agonist	  relative	  to	  a	  reference	  ligand	  (Shonberg	  et	  al.,	  2013).	  A	  valuable	  
analytical	   approach	   to	   determine	   the	   ligand	   bias	   is	   to	   incorporate	   the	   elements	   of	  
agonist	   affinity	   and	   agonist	   relative	   intrinsic	   efficacy	   in	   a	   specific	   signalling	   pathway	  
(Kenakin	   et	   al.,	   2012b).	   These	   elements	   are	  present	   in	   the	   “operational	  model”	   first	  
derived	   by	   Black	   and	   Leff	   (Black	   et	   al.,	   1983)	   then	   developed	   by	   Kenakin	   and	  
Christopoulos	   (Kenakin	   et	   al.,	   2012a;	   Kenakin	   et	   al.,	   2012b)	   and	   can	   be	   obtained	  
directly	  from	  concentration	  response	  data.	  Fitting	  the	  Black	  and	  Leff	  operational	  model	  
to	   the	  concentration	   response	  curve	  estimates	  a	   “transduction	  coefficient”	   log(τ/KA).	  
Transduction	  coefficient	   is	  a	  characteristic	  of	  both	  functional	  equilibrium	  dissociation	  
constant	   (KA)	   and	   operational	   agonist	   efficacy	   (τ),	   and	   is	   an	   overall	   measure	   of	   the	  
power	   of	   an	   agonist	   to	   stimulate	   a	   signalling	   pathway	   (Kenakin	   et	   al.,	   2012b).	   The	  
relative	  efficiency	  of	  an	  agonist	  to	  activate	  any	  signalling	  pathway	  can	  be	  quantified	  by	  
normalizing	  the	  transduction	  coefficient	  over	  the	  reference	  ligand	  (Δ	  log(τ/KA)),	  as	  this	  
will	   cancel	   the	   impact	   of	   the	   system	   and	   observation	   bias.	   Finally,	   to	   quantify	   the	  
agonist	   bias,	   these	   normalized	   values	   can	   be	   compared	   across	   different	   signalling	  
pathways	  (ΔΔ	  log(τ/KA)).	  
	   	  
In	   this	   study	   I	   used	   operational	   analysis	   to	   determine	   the	   agonist	   bias	   of	   9	   opioid	  
agonists	   for	   four	  signalling	  outputs	  of	  MOPr	   including	  G	  protein	  βΥ-­‐subunit	  activated	  
GIRK	  current,	  Ser375	  Phosphorylation,	  βarr-­‐2	  recruitment	  and	  receptor	   internalization.	  
The	   data	   from	   GIRK	   current	   was	   collected	   by	   Dr	   Arsalan	   Yousuf	   in	   my	   supervisor’s	  
laboratory.	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  3.2.	  RESULTS:	  
3.2.1.	  Concentration	  response	  curve	  for	  βΥ-­‐subunit	  activated	  GIRK	  current	   in	  AtT20	  
cells	  stably	  transfected	  with	  MOPr	  
To	   determine	   the	   efficacy	   and	   potency	   of	   MOPr	   agonists	   for	   GIRK	   activation,	  
potassium	   current	   was	   recorded	   from	   AtT20-­‐MOPr	   cells	   via	   perforated-­‐patch	  
technique.	  The	  data	  of	  concentration-­‐response	  curve	  was	  obtained	  by	  superfusing	  of	  
two	  or	  more	   concentrations	  of	   agonists	  on	   to	   single	  AtT20-­‐MOPr	   cells	   at	  37°C.	  GIRK	  
current	  was	  recorded	  using	  a	  200	  ms	  voltage	  step	  of	  -­‐120	  mV	  from	  a	  holding	  potential	  
of	  -­‐60	  mV	  applied	  every	  2	  s	  (Figure	  3.1.A).	  A	  high-­‐potassium	  solution	  (20	  mM	  KCl)	  was	  
used	   to	   reverse	   the	  driving	   force	  of	   the	  channel	  and	  provide	  a	   large	   inward	  current.	  
Figure	  3.1.B,	  represents	  the	  GIRK	  current	  after	  application	  of	  different	  concentrations	  
of	  morphine.	  Since	  MOPr	  agonists	  and	  somatostatin	  both	  activate	  the	  same	  population	  
of	  GIRK	  channels	  (Miyake	  et	  al.,	  1989),	  1	  μM	  somatostatin	  was	  superfused	  after	  MOPr	  
agonists	   application	   in	   each	   experiment	   to	   normalize	   the	   GIRK	   conductance	   to	   the	  
maximum	  achievable	  in	  a	  given	  cell.	  	  
	  
Concentration-­‐response	   relationships	   were	   obtained	   for	   all	   agonists	   except	  
methadone.	   It	   has	   been	   reported	   that	   methadone	   in	   concentrations	   above	   3μM	  
directly	  blocks	  the	  GIRK	  channel	  (Rodriguez-­‐Martin	  et	  al.,	  2008).	  In	  order	  to	  determine	  
the	  effect	  of	  methadone	  on	  GIRK	  channel,	  wild-­‐type	  AtT20	  cells	  were	   incubated	  with	  
0.1	  mM	  GTPγS,	  a	  nonhydrolyzable	  GTP	  analogue	  that	  keeps	   the	  G-­‐proteins	  activated	  
and	  in	  turn	  leads	  to	  continuous	  GIRK	  channel	  activation	  (Kovoor	  et	  al.,	  1995;	  Lüscher	  et	  
al.,	   2010).	   Figure	   3.2	   shows	   that	   10	   μM	   methadone	   inhibits	   GTPγS-­‐evoked	   GIRK	  
current	   and	   results	   in	   reduction	   of	   potassium	   conductance,	   confirming	   that	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  methadone	   directly	   blocks	   the	   GIRK	   channel.	   Therefore,	   it	   was	   not	   possible	   to	  
determine	   the	   efficacy	   of	  methadone	   for	   G-­‐protein	   pathway	   from	  GIRK	   current	   and	  
thus	  the	  data	  for	  concentration-­‐response	  curve	  has	  not	  been	  collected.	  
	  
As	   shown	   in	   Figure	   3.3,	   most	   of	   ligands	   (but	   not	   oxymorphone)	   produced	   a	   similar	  
maximal	   response	   as	   Met-­‐enkephalin	   (95%	   or	   more),	   indicating	   that	   they	   are	   full	  
agonists	   in	   this	   system.	  As	  discussed	  earlier,	   the	   response	  produced	  by	  an	  agonist	   is	  
dependent	   to	   two	  parameters:	   the	   agonist	   intrinsic	   efficacy	   and	   the	   system	  used	   to	  
determine	  the	  response.	  An	  agonist	  can	  produce	  the	  maximum	  response	  by	  occupying	  
only	   a	   fraction	   of	   receptors	   available	   in	   a	   tissue;	   therefore	   with	   regards	   to	   their	  
efficacies,	   agonists	   have	   different	   receptor	   reserve	   for	   each	   tissue.	   For	   example	   an	  
agonist	   with	   high	   efficacy	   have	   a	   greater	   receptor	   reserve	   than	   the	   one	  with	   lower	  
efficacy.	   In	   cultured	   cells,	   overexpression	   of	   a	   receptor	   can	   increase	   the	   receptor	  
reserve	   for	   a	   low	  efficacy	  agonist	   and	  accordingly	   change	   the	  agonist	   efficacy	   (Kelly,	  
2013).	  	  
	  
To	  quantify	  the	  relative	  efficacy	  of	  opioids	  for	  GIRK	  activation,	  potassium	  conductance	  
was	   re-­‐determined	   after	   inactivation	   of	   a	   fraction	   of	   receptors.	   Therefore,	   a	   partial	  
agonist	   that	   behaved	   as	   full	   agonist	   by	   occupying	   the	   all	   receptors	   available	   in	   that	  
tissue	   will	   produce	   a	   submaximal	   response	   when	   a	   fraction	   of	   the	   receptors	   are	  
suppressed.	  To	  achieve	  fractional	  inactivation	  of	  the	  receptors,	  AtT20-­‐MOPr	  cells	  were	  
pre-­‐incubated	  with	  30	  nM	   irreversible	  MOPr	  antagonist	  β-­‐chlornaltrexamine	   (β-­‐CNA)	  
for	  at	  least	  10	  min	  at	  37°C.	  Figure	  3.3	  shows	  that	  after	  β-­‐CNA	  treatment,	  the	  potassium	  
current	   induced	  by	  a	  high	  concentration	  of	  Met-­‐enkephalin	  (10	  μM)	  was	  reduced	  for	  
80
	  around	  20%.	  However,	  β-­‐CNA	  did	  not	  have	  any	  effect	  on	  the	  maximum	  response	  and	  
potency	  of	  GIRK	  current	  produced	  by	  somatostatin	  (SST).	  	  
	  
The	  concentration-­‐response	  curve	  was	  re-­‐constructed	  for	  all	  the	  agonists	  after	  partial	  
receptor	   inactivation	   using	   opioid	   receptor	   alkylating	   agent	   β-­‐CNA	   (Figure	   3.4).	   EC50	  
values	   did	   not	   change	   greatly	   for	   full	   agonists	   like	  Met-­‐enkephalin	   and	  DAMGO	   but	  
exhibited	  4	  -­‐	  5	  fold	  reduction	  for	  morphine,	  endomorphin-­‐2,	  oxymorphone	  and	  Bilaid-­‐
C2	   (Figure	   3.5	   and	   Table	   3.1).	   It	   should	   be	   noted	   that,	   the	   aim	   of	   the	   receptor	  
depletion	  was	  to	  slightly	  reduce	  the	  number	  of	  receptor	   in	  order	  to	  differentiate	  the	  
full	  agonists	   from	  partial	  agonists	  without	  complete	  disruption	  of	  maximum	  effect	  of	  
partial	  agonists.	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Figure	  3.1.	  GIRK	  current	  induced	  by	  activation	  of	  MOPr	  at	  AtT20	  cells	  
	  
A,	   AtT20-­‐MOPr	   cells	   stably	   expressing	  MOPr	  were	   superfused	  with	   buffer	   containing	  
high	  K+	  solution	  (20	  K)	  to	  provide	  a	  large	  inward	  current.	  Cells	  were	  voltage-­‐clamped	  at	  
-­‐60	   mV	   and	   GIRK	   current	   elicited	   by	   stepping	   to	   -­‐120	   mV.	   B,	   shows	   time	   plot	   of	   a	  
representative	  experiment	  to	  determine	  the	  concentration-­‐response	  relationship.	  GIRK	  
current	   induced	   by	   different	   concentrations	   of	   morphine	   (mrp)	   was	   determined	  
followed	  by	  1	  μM	  somatostatin	  application	  at	  the	  end	  of	  the	  experiment	  to	  normalize	  
the	  GIRK	  conductance.	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Figure	   3.2.	   Effect	   of	   methadone	   on	   GIRK	   channel	   at	   AtT20	   cells	   with	   no	   MOPr	  
expression	  in	  the	  presence	  of	  GTPγS	  
	  
High	  concentrations	  of	  methadone	  can	  directly	  block	  the	  GIRK	  channel.	  GIRK	  current	  in	  
AtT20	  cells	   is	  activated	  by	  100	  μM	  GTPγS.	  Representative	   recording	   illustrates	   that	  1	  
μM	   application	   of	   somatostatin	   (STT)	   doesn’t	   have	   any	   effect	   on	   potassium	  
conductance	   activated	   by	   GTPγS,	   while	   10	   μM	  methadone	   can	   block	   GTPγS-­‐induced	  
GIRK	  current.	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Figure	  3.3.	  Quantitative	  determination	  of	  the	  efficacy	  of	  opioid	  agonist	  activation	  of	  
GIRK	  current	  
	  
AtT20-­‐MOPr	   cells	   were	   stimulated	   by	   increasing	   concentrations	   of	   a	   range	   of	  MOPr	  
agonists	  and	   the	  GIRK	  current	  was	  measured	  by	  perforated	  patch	  clamp.	  The	  data	   is	  
normalized	   to	   the	  maximum	  current	   induced	  by	  1	  μM	  somatostatin	   (SST).	  Each	  point	  
represents	   the	  mean	   ±	   S.E.M.	   of	   4	   –	   6	   cells.	   The	   curves	  were	   obtained	   by	   fitting	   the	  
data	   to	  a	  non-­‐linear	   three-­‐parametric	   logistic	   function	   (no	   constraints	  were	  applied).	  
Maximal	  response	  and	  potency	  values	  are	  outlined	  in	  Table	  3.1.	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Figure	  3.4.	  Effect	  of	  opioid	  receptor	  alkylating	  agent	  β-­‐CNA	  on	  GIRK	  current	  induced	  
by	  opioids	  
	  
AtT20	  cells	  were	  pre-­‐incubated	  with	  30	  nM	  β-­‐CNA	  for	  10	  min	  at	  37°C.	  Concentration-­‐
response	   curves	   for	   GIRK	   activation	   were	   constructed	   before	   and	   after	   β-­‐CNA	  
treatment.	  GIRK	  current	  has	  been	  normalized	  to	  the	  maximum	  current	  induced	  by	  1	  μM	  
somatostatin	   (SST).	   Black	   curves	   represent	   GIRK	   current	   in	   untreated	   cells	   and	   blue	  
curves	   represent	   the	   current	   in	   β-­‐CNA	   (30	   nM)	   treated	   cells.	   Each	   concentration	   of	  
agonist	  was	   superfused	  until	   the	   response	   reached	   to	   the	   steady	   state.	   Two	  or	  more	  
concentrations	  of	  each	  agonist	  applied	  on	  to	  a	  single	  cell.	  Panel	  A,	  B,	  C,	  D,	  E,	  F	  and	  G	  
show	   the	   GIRK	   currents	   produced	   by	   increasing	   concentrations	   of	   DAMGO,	   Met-­‐
enkephalin,	   fentanyl,	   endomorphin-­‐2,	   morphine,	   Bilaid-­‐C2	   and	   oxymorphone	  
respectively.	  H,	  β-­‐CNA	  treatment	  had	  no	  effect	  on	  potency	  and	  efficacy	  of	  GIRK	  current	  
induced	   by	   somatostatin.	   The	   curves	   were	   fitted	   to	   a	   non-­‐linear	   three-­‐parametric	  
logistic	   function	   and	   minimum	   was	   constrained	   to	   zero.	   Each	   point	   represents	   the	  
mean	  ±	  S.E.M.	  of	  4	  –	  6	  cells.	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Figure	   3.5.	   Comparing	   the	   efficacy	   and	   potency	   of	   opioid	   agonist	   GIRK	   activation	  
before	  and	  after	  alkylation	  of	  MOPr	  by	  β-­‐CNA	  
	  
AtT20-­‐MOPr	  cells	  were	  pre-­‐incubated	  with	  an	  irreversible	  opioid	  antagonist,	  β-­‐CNA	  to	  
suppress	   the	   Met-­‐enkephalin-­‐induced	   maximal	   response	   by	   20%.	   A,	   shows	   the	  
maximum	  responses	  for	  GIRK	  activation	  produced	  by	  a	  sets	  of	  MOPr	  agonists	  and	  the	  
data	  is	  normalized	  to	  1	  μM	  somatostatin	  (SST).	  GIRK	  current	  activated	  by	  most	  of	  the	  
agonists	   (except	   oxymorphone)	   reached	   to	   the	   ceiling	   effect	   before	   receptor	  
inactivation.	  β-­‐CNA	  pre-­‐treatment	  leads	  to	  about	  20%	  reduction	  in	  maximal	  responses	  
for	  most	   of	   the	   agonists.	   B,	   demonstrates	   the	   comparison	   of	   EC50	   values	   before	   and	  
after	  β-­‐CNA	  treatment.	  Data	  represents	  the	  mean	  ±	  S.E.M.	  of	  4	  –	  6	  cells.	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   Activation	  of	  Ik	   Activation	  of	  Ik	  after	  β-­‐CNA	  
	   (Emax/ESST)	  %	   EC50	  	  
(nM)	  
pEC50	   (Emax/ESST)	  %	   EC50	  	  
(nM)	  
pEC50	  
	  
Met-­‐enkephalin	  
	  
105	  ±	  5	  
	  
12	  
	  
7.9	  ±	  0.09	  
	  
87	  ±	  3	  
	  
15	  
	  
7.8	  ±	  0.07	  
DAMGO	   107±	  3	   19	   7.7	  ±	  0.05	   85	  ±	  2	  	   34	   7.5	  ±	  0.06	  
Fentanyl	   96	  ±	  3	   2.5	   8.6	  ±	  0.07	   87	  ±	  3	   6	   8.2	  ±	  0.05	  
Endomorphin-­‐2	   94	  ±	  2	   10	   8	  ±	  0.06	   76	  ±	  3	   42	   7.4	  ±	  0.1	  
Bilaid-­‐C2	   99	  ±	  3	   5.2	   8.3	  ±	  0.1	   70	  ±	  3	   20	   7.7	  ±	  0.09	  
Morphine	   94	  ±	  3	   58	   7.2	  ±	  0.08	   72	  ±	  3	   252	   6.6	  ±	  0.08	  
Oxymorphone	   58	  ±	  2	   31	   7.5	  ±	  0.06	   44	  ±	  1	   101	   7	  ±	  0.06	  
	  
	  
Table	   3.1.	   Potency	   and	   efficacy	   of	   opioid	   agonists	   to	   stimulate	   Ik	   mediated	   by	   G-­‐
protein	  βΥ-­‐subunit	  before	  and	  after	  partial	  MOPr	  occlusion	  by	  β-­‐CNA	  
	  
Summary	   of	   the	   efficacy	   and	   potency	   values	   for	   GIRK	   current	   induced	   by	   a	   range	   of	  
MOPr	  agonists	  before	  and	  after	  fractional	  receptor	  inactivation.	  AtT20-­‐MOPr	  cells	  were	  
treated	  with	  an	  irreversible	  opioid	  antagonist,	  β-­‐CNA	  to	  suppress	  the	  Met-­‐enkephalin-­‐
induced	  maximal	   response	  by	  20%.	  GIRK	  current	   is	  normalized	   to	  1	  μM	  somatostatin	  
(SST).	  Data	  represents	  the	  mean	  ±	  S.E.M.	  of	  4	  –	  6	  cells.	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  3.2.2.	   Concentration	   response	   curve	   for	   agonist-­‐induced	   Ser375	   phosphorylation	   in	  
AtT20	  cells	  stably	  transfected	  with	  MOPr	  	  
Ser375	  phosphorylation	   was	   determined	   in	   AtT20	   cells	   stably	   transfected	   with	   FLAG-­‐
tagged	   MOPr	   using	   anti-­‐phospho-­‐	   Ser375	   antibody.	   To	   measure	   the	   concentration-­‐
response	   curve	   of	   Ser375	   phosphorylation,	   I	   chose	   a	   time	   point	   of	   3	   min	   at	   37°C.	  
Congruent	  with	  previous	  studies	   (Doll	  et	  al.,	  2011),	  phosphorylation	  of	  Ser375	  	  residue	  
was	  very	  fast	  and	  saturated	  in	  less	  than	  1	  min	  at	  room	  temperature	  (Figure	  3.6).	  This	  
figure	   shows	   the	   time-­‐course	   of	   Ser375	   phosphorylation	   in	   AtT20-­‐MOPr	   cells	   after	  
treatment	  with	  10μM	  DAMGO	  or	  30μM	  morphine	  at	  22°C.	  As	  shown	  in	  the	  figure	  3.6,	  
Ser375	  phosphorylation	   induced	  by	  DAMGO	  and	  morphine	   is	   saturated	   in	   20	   seconds	  
and	  1	  minute	  respectively	  at	  room	  temperature.	  	  
	  
Concentration	   response	   curves	   for	   Ser375	   phosphorylation	   were	   constructed	   after	   3	  
min	   application	   of	   increasing	   concentrations	   of	   Met-­‐enkephalin,	   DAMGO,	   fentanyl,	  
endomorphin-­‐2,	  methadone,	  morphine,	  oxymorphone	  and	  Bilaid-­‐C2	  at	  37°C.	  Fentanyl	  
was	  the	  most	  potent	  ligand	  in	  this	  pathway,	  the	  EC50	  	  equals	  9	  nM	  (pEC50	  =	  8.06	  ±	  0.09).	  
Morphine	  was	  less	  potent	  at	  inducing	  phosphorylation	  with	  an	  EC50	  of	  1.5	  μM	  (pEC50	  =	  
5.8	  ±	  0.1).	  Although	  oxymorphone	  had	  a	  high	  potency	   to	   stimulate	  phosphorylation,	  
the	   maximal	   response	   induced	   by	   this	   agonist	   was	   only	   40%	   of	   Met-­‐enkephalin.	  
DAMGO	   and	   Endomorphin-­‐2	   produced	   the	   same	   maximum	   response	   as	   Met-­‐
enkephalin,	   which	   indicates	   they	   are	   full	   agonists	   in	   this	   pathway.	   The	   maximum	  
responses	   for	   Bilaid-­‐C2,	   oxymorphone	   and	   morphine	   were	   considerably	   lower	  
compared	  to	  Met-­‐enkephalin	  (figure	  3.8).	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Figure	  3.6.	  Time-­‐course	  of	  agonist-­‐induced	  Ser375	  phosphorylation	  
	  
AtT20	  cells	  stably	  expressing	  MOPr	  were	   incubated	  in	  the	  absence	  of	  agonist	  or	  were	  
exposed	   to	  10μM	  DAMGO	  or	  30μM	  morphine	  at	   room	   temperature	   (22°C)	   for	   either	  
10,	  20,	  30,	  60,	  90,	  120	  or	  180	  sec.	  Cells	  were	  then	  fixed	  with	  -­‐20°C	  methanol	  following	  
20	   min	   heating	   the	   cells	   in	   sodium	   citrate	   buffer.	   Ser375	   phosphorylated	   receptors	  
were	  detected	  with	  anti-­‐phospho-­‐	   Ser375	  antibody.	   Each	  point	   in	   the	   curve	   represents	  
the	   total	   fluorescence	   of	   at	   least	   20	   cells	   from	   each	   of	   three	   different	   experiments.	  
Data	  are	  presented	  as	  the	  percentage	  of	  maximal	  response	  of	  DAMGO-­‐induced	  Ser375	  
phosphorylation	  over	  basal	  in	  untreated	  cells.	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Figure	  3.7.	  Quantitative	  determination	  of	  efficacy	  of	  opioid	  agonists	  to	  induce	  Ser375	  
phosphorylation	  
	  
AtT20-­‐MOPr	  cells	  were	  exposed	  to	  different	  concentrations	  of	  MOPr	  agonists	  for	  3	  min.	  
Cells	   then	   fixed	   and	   after	   heating	   in	   sodium	   citrate	   buffer,	   used	   for	  
immunohistochemical	   staining	   with	   an	   anti-­‐phospho-­‐Ser375	   antibody	   and	   image	  
analysis	  was	  performed	  as	  described	  in	  Materials	  and	  Methods	  chapter.	  Concentration-­‐
effect	   curves	   for	   Ser375	   phosphorylation	   were	   constructed	   for	   a	   various	   number	   of	  
MOPr	  agonists.	  Each	  point	  represents	  the	  Mean	  ±	  SEM	  of	  Ser375	  phosphorylation	  in	  15-­‐
20	   cells.	   The	   curves	   were	   fitted	   to	   non-­‐linear	   three-­‐parametric	   logistic	   function	   (no	  
constraints	  were	  applied).	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Figure	   3.8.	   Functional	   potency	   and	   efficacy	   of	   MOPr	   agonists	   for	   Ser375	  
phosphorylation	  
	  
A,	   Summary	   of	   MOPr	   agonists’	   efficacies	   to	   phosphorylate	   Ser375	   residue.	   Met-­‐
enkephalin,	   DAMGO	   behaved	   as	   full	   agonist	   whilst	   endomorphin-­‐2,	   fentanyl	   and	  
methadone	  induced	  phosphorylation	  by	  85-­‐90%	  of	  the	  maximal	  response	  produced	  by	  
Met-­‐enkephalin.	   Morphine,	   oxymorphone	   and	   Bilaid-­‐C2	   were	   less	   effective	   in	   this	  
pathway	   relative	   to	   Met-­‐enkephalin.	   B,	   Comparison	   of	   MOPr	   agonists’	   affinities	   in	  
Ser375	  phosphorylation.	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  3.2.3.	  Agonist-­‐induced	  interaction	  of	  MOPr	  with	  βarr-­‐2	  monitored	  by	  BRET	  
To	  compare	  the	  ability	  of	  MOPr	  agonists	  to	  recruit	  βarr-­‐2	  to	  the	  receptor,	  a	  BRET	  assay	  
was	   employed	   in	   collaboration	   with	   Dr	   Meritxell	   Canals	   at	   Monash	   Institute	   of	  
pharmaceutical	  Sciences,	  where	  I	  performed	  the	  experiments.	  Concentration-­‐response	  
curves	  were	  determined	  in	  AtT20	  cells	  transiently	  co-­‐transfected	  with	  MOPr-­‐Rluc	  and	  
βarr2-­‐YFP	  as	  described	  in	  Methods	  and	  Materials	  chapter.	  At	  24	  hours	  after	  replating	  
the	  cells	  in	  white	  96-­‐wells	  plates,	  BRET	  ratio	  (emission	  at	  530	  nm/emission	  at	  480	  nm)	  
was	  measured	  using	   the	   LUMIstar	   plate	   reader	  before	   adding	   the	   ligands	   to	   get	   the	  
BRET	   ratio	   baseline	   for	   each	   cell	   (first	   two	   reads).	   Then	  MOPr	   agonists	  were	   added	  
manually	  to	  the	  wells	  with	  concentration	  ranging	  from	  1	  mM	  to	  0.01	  nM	  and	  relocated	  
to	   the	   plate	   reader	   for	   another	   10	   to	   20	   min.	   Figure	   3.9,	   demonstrates	   BRET	   ratio	  
produced	   by	   endomorphin-­‐2	   and	   morphine.	   An	   increase	   in	   BRET	   ratio	   reflects	   the	  
interaction	  between	  MOPr-­‐Rluc	  and	  βarr2-­‐YFP.	  For	  each	   ligand	  a	  time	  point	  with	  the	  
highest	  value	  at	  BRET	   ratio	  was	  chosen	   for	   further	  concentration	   responses	  analysis.	  
For	  example	  BRET	  ratios	  at	  time	  3.8	  min	  and	  9.2	  min	  were	  extracted	  from	  figures	  3.9.A	  
(Endomorphin-­‐2)	   and	   3.9.B	   (morphine)	   respectively	   and	   plotted	   as	   a	   concentration-­‐
response	   curve.	   Concentration-­‐response	   curves	   were	   fitted	   to	   a	   logistic	   function	   to	  
estimate	   the	   efficacy	   (Emax)	   and	   potency	   (EC50)	   of	   the	   MOPr	   ligands	   for	   βarr2	  
recruitment.	   The	   maximum	   effect	   for	   each	   agonist	   has	   been	   normalized	   to	   the	  
maximum	  response	  produced	  by	  Met-­‐enkephalin.	  The	  rank	  order	  of	  maximum	  efficacy	  
was	  DAMGO	  >	  methadone	  >	  Endomorphin-­‐2	  >	  Met-­‐enkephalin	  >	  fentanyl	  >	  morphine	  
>	  oxymorphone	  >	  Bilaid-­‐C2	  (Figure	  3.11).	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Figure	  3.9.	  Interaction	  of	  MOPr	  with	  βarr2	  measured	  by	  BRET	  
	  
AtT20	  cells	  were	  transiently	  transfected	  with	  MOPr-­‐Rluc	  and	  GRK2	  and	  βarr2-­‐YFP.	  The	  
increase	  in	  the	  BRET	  ratio	  demonstrates	  βarr2	  recruitment	  to	  the	  MOPr.	  Panels	  A	  and	  B	  
represent	  the	  BRET	  signal	  generated	  by	  different	  concentrations	  of	  endomorphin-­‐2	  and	  
morphine	   respectively	   over	   indicated	   times.	   A	   time	   point	   that	   has	   the	   greatest	   BRET	  
signal	  value	  for	  all	  concentrations	  was	  selected	  for	  each	  individual	  agonist.	  BRET	  ratio	  
values	  at	  3.8	  min	  and	  9.2	  min	  were	  taken	  from	  figure	  3.9.A	  and	  3.9.B	  respectively	  and	  
plotted	  in	  the	  concentration-­‐response	  curve	  shown	  in	  figure	  3.10	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Figure	  3.10.	  Concentration	  response	  curve	  of	  μ-­‐opioid	  ligands	  for	  βarr2	  recruitment	  
	  
AtT20	  cells	  were	  transiently	  transfected	  by	  MOPr-­‐Rluc	  and	  βarr2-­‐YFP.	  The	  BRET	  ratios	  
induced	   by	   increasing	   concentrations	   of	   opioids,	   were	   measured	   to	   plot	   the	  
concentration-­‐effect	   curves.	   Data	   is	   normalized	   to	   the	   maximum	   response	   of	   Met-­‐
enkephalin.	   Each	   point	   represents	   the	  mean	   ±	   SEM	  of	   3-­‐4	   independent	   experiments.	  
The	  curves	  were	  obtained	  by	  non-­‐linear	   fitting	  to	  a	  three-­‐parameter	   logistic	  equation	  
(no	  constraints	  were	  applied).	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  A.	  
	  
	  
	  
B.	  
	   	  
	  
	  
Figure	  3.11.	  Comparison	  of	  efficacy	  and	  potency	  values	  of	  different	  ligands	  for	  MOPr-­‐
βarr2	  interactions	  
	  
Internalizing	  agonists	   including	  methadone,	  DAMGO,	  Endomorphin-­‐2,	  Met-­‐enkephalin	  
and	  fentanyl	  efficiently	  recruit	  βarr2.	   In	  contrast,	  morphine,	  oxymorphone	  and	  Bilaid-­‐
C2	   had	   low	   efficacies	   for	   generating	   BRET	   signal	   (all	   data	   have	   been	   summarised	   in	  
table	  3.1)	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  3.2.4.	   Quantification	   of	   MOPr	   endocytosis	   induced	   by	   different	   ligands	   in	   AtT20-­‐
MOPr	  cells	  
To	   quantify	   receptor	   internalization,	   dual	   staining	   for	   FLAG-­‐tagged	   MOPr	   was	  
performed	  in	  AtT20	  cells.	  AtT20	  cells	  stably	  expressing	  FLAG-­‐MOPr	  were	  pre-­‐incubated	  
with	  Alexa594-­‐conjugated	  M1	  anti-­‐FLAG	  for	  30	  min	  at	  37°C	  to	  for	  labelling	  the	  surface	  
receptors.	  Cells	  were	  incubated	  with	  increasing	  concentrations	  of	  drugs	  for	  30	  min	  at	  
37°C	  to	  stimulate	  the	  maximal	  internalization.	  Alexa594-­‐M1	  bound	  to	  residual	  surface	  
(not	   internalized)	   receptors	  was	   stripped	   by	  washing	  with	   cold	   PBS	   lacking	   Ca2+	   and	  
Mg2+	   and	   supplemented	  with	   0.04%	  EDTA,	   thus	   only	   internalized	   receptor	   remained	  
labelled.	   After	   fixing	   with	   4%	   paraformaldehyde	   in	   PBS,	   membrane	   receptors	   were	  
labelled	  with	  polyclonal	  anti-­‐FLAG	  under	  non-­‐permeabilized	  conditions	  (figure	  3.12)	  
	  
DAMGO	   and	   endomorphin-­‐2	   efficiently	   produced	   internalization	   with	   95%	   and	   92%	  
maximal	   response	  of	  Met-­‐enkephalin	   respectively.	   Fentanyl	  and	  methadone	  produce	  
80%	   receptor	   endocytosis.	   Morphine	   had	   a	   moderate	   efficacy	   to	   stimulated	   MOPr	  
translocation	  and	  oxymorphone	  and	  Bilaid-­‐C2	   failed	   to	  activate	   this	  pathway.	  Similar	  
to	  other	  pathways,	  fentanyl	  was	  the	  most	  potent	  agonist.	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Figure	   3.12.	   FLAG-­‐tagged	   MOPr	   internalization	   proceeds	   with	   different	  
concentrations	  of	  opioid	  agonists	  
	  	  
The	   concentration-­‐effect	   curve	   of	   opioid	   agonists	   stimulating	   MOPr	   endocytosis.	  
Internalization	  was	  quantified	  by	  ratiometric	  analysis	  of	  internalized	  versus	  membrane	  
MOPr.	   Each	   point	   represents	   the	   internalized	   fluorescence	   of	   10-­‐15	   cells.	   The	   curves	  
were	   obtained	   by	   non-­‐linear	   fitting	   to	   a	   three-­‐parameter	   logistic	   equation	   (no	  
constraints	  were	  applied).	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  A.	  
	  	  	  	  	  	  	   	  
	  	  	  	  	  	  	  	  
B.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  
	  
Figure	   3.13.	   Maximal	   efficacy	   and	   potency	   of	   opioid	   ligands	   for	   promoting	  
endocytosis	  	  
	  
AtT20-­‐MOPr	  cells	  were	  incubated	  with	  increasing	  concentrations	  of	  opioid	  agonists	  for	  
30	  min	  at	  37°C.	  The	  agonist-­‐induced	   internalization	  was	  quantified	  and	  the	  data	  was	  
normalized	   to	   Met-­‐enkephalin.	   A.	   The	   summary	   of	   agonist	   efficacies	   for	   inducing	  
receptor	   internalization.	   The	   rank	   order	   for	   agonists	   that	   could	   efficiently	   produce	  
internalization	   was	   Met-­‐enkephalin	   >	   DAMGO	   >	   endomorphin-­‐2	   >	   fentanyl	   =	  
methadone.	   Morphine	   was	   a	   partial	   agonist	   in	   this	   assay.	   MOPr	   remained	  
predominantly	   in	  the	  membrane	  after	   incubation	  with	  oxymorphone	  and	  Bilaid-­‐C2.	  B.	  
The	  comparison	  of	  opioids	  potencies	  for	  internalization.	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   Maximum	  response	  
	   Ik	  activation	  
after	  β-­‐CNA	  
(Emax/ESST)	  %	  
Ik	  activation	  
after	  β-­‐CNA	  
(Emax/EME)	  %	  
Ser375phosph
orylation	  	  
(Emax/EME)	  %	  
βarr-­‐2	  
recruitment	  
(Emax/EME)	  %	  
Internalization	  
(Emax/EME)	  %	  
Met-­‐enk	   87	  ±	  3	   99	  ±	  3	   100	  ±	  2	   100	  ±	  3	  
	  
100	  ±	  3	  
DAMGO	   85	  ±	  2	   99	  ±	  3	   102	  ±	  4	   110	  ±	  3	   94	  ±	  3	  
Endomorphin2	   76	  ±	  3	   87	  ±	  4	   90	  ±	  2	   100	  ±	  3	   92	  ±	  2	  
Fentanyl	   87	  ±	  3	   100	  ±	  4	   86	  ±	  2	   85	  ±	  3	   80	  ±	  3	  
Methadone	   -­‐	   -­‐	   85	  ±	  2	   109	  ±	  9	   79	  ±	  2	  
Morphine	   72	  ±	  3	   83	  ±	  3	   50	  ±	  4	   39	  ±	  4	   23	  ±	  1	  
Oxymorphone	   44	  ±	  1	   51	  ±	  2	   39	  ±	  2	   32	  ±	  3	   7	  ±	  2	  
Bilaid-­‐C2	   70	  ±	  3	   81	  ±	  3	   39	  ±	  1	   17	  ±	  3	   3	  ±	  3	  
	  
	  
	  
Table	   3.2.	   Summary	   of	   maximal	   responses	   induced	   by	   opioid	   agonists	   in	   four	  
signalling	  pathways:	  GIRK	  activation,	   βarr2	   recruitment,	   Ser375	   phophorylation	  and	  
receptor	  internalization	  
	  
Concentration-­‐response	   curves	   for	   GIRK	   activation,	   βarr2	   recruitment,	   Ser375	  
phophorylation	  and	  receptor	  internalization	  were	  constructed	  by	  activating	  the	  AtT20-­‐
MOPr	   cells	   by	   a	   range	   of	   MOPr	   agonists.	   Data	   represents	   the	   mean	   ±	   SEM	   of	   2-­‐4	  
independent	  experiments.	  Data	  is	  normalizied	  to	  somatostatin	  (SST)	  or	  Met-­‐enkephalin	  
(ME).	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   pEC50	  
	   Ik	  activation	  
	  
Ik	  activation	  
after	  β-­‐CNA	  
	  
Ser375	  
phosphoryla
tion	  	  
	  
βarr-­‐2	  
recruitment	  
Internalization	  
	  
Met-­‐enk	   7.9	  ±	  0.09	  
	  
7.8	  ±	  0.07	   7.0	  ±	  0.06	   6.4	  ±	  0.10	   6.1	  ±	  0.07	  
DAMGO	   7.7	  ±	  0.05	   7.5	  ±	  0.06	   6.9	  ±	  0.06	   6.7	  ±	  0.08	   6.3	  ±	  0.09	  
Endomorphin2	   8.0	  ±	  0.06	   7.4	  ±	  0.1	   7.1	  ±	  0.04	   7.0	  ±	  0.08	   6.3	  ±	  0.08	  
Fentanyl	   8.6	  ±	  0.07	   8.2	  ±	  0.05	   8.1	  ±	  0.09	   6.7	  ±	  0.10	   6.8	  ±	  0.09	  
Methadone	   -­‐	   -­‐	   6.5	  ±	  0.07	   5.7	  ±	  0.12	   6.1	  ±	  0.07	  
Morphine	   7.2	  ±	  0.08	   6.6	  ±	  0.08	   5.8	  ±	  0.13	   6.3	  ±	  0.25	   5.7	  ±	  0.16	  
Oxymorphone	   7.5	  ±	  0.06	   7.0	  ±	  0.06	   7.2	  ±	  0.15	   6.7	  ±	  0.20	   -­‐	  
Bilaid-­‐C2	   8.3	  ±	  0.1	   7.7	  ±	  0.09	   6.7	  ±	  0.09	   6.3	  ±	  0.39	   -­‐	  
	  
	  
Table	   3.3.	   Summary	   of	   opioids	   pEC50	   values	   for	   four	   signalling	   pathways:	   GIRK	  
activation,	  βarr2	  recruitment,	  Ser375	  phophorylation	  and	  receptor	  internalization	  
	  
Concentration-­‐response	   curves	   for	   GIRK	   activation,	   βarr2	   recruitment,	   Ser375	  
phophorylation	  and	  receptor	  internalization	  were	  constructed	  by	  activating	  the	  AtT20-­‐
MOPr	   cells	   by	   a	   range	   of	   MOPr	   agonists.	   Data	   represents	   the	   mean	   ±	   SEM	   of	   2-­‐4	  
independent	  experiments.	  Data	  is	  normalizied	  to	  Met-­‐enkephalin	  (ME).	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   EC50	  (μM)	  
	   Ik	  activation	  
	  
Ik	  activation	  
after	  β-­‐CNA	  
	  
Ser375	  
phosphorylation	  	  
	  
βarr-­‐2	  
recruitment	  
Internalizati
on	  
	  
Met-­‐enk	   0.01	   0.01	   0.1	   0.43	  
	  
0.8	  
DAMGO	   0.02	   0.04	   0.1	   0.19	   0.5	  
Endomorphin2	   0.01	   0.04	   0.08	   0.1	  
	  
0.5	  
Fentanyl	   0.002	   0.006	  
	  
0.009	   0.2	  
	  
0.2	  
Methadone	   	   -­‐	   0.3	   1.8	   0.8	  
Morphine	   0.06	   0.3	   1.5	   0.5	   2.1	  
Oxymorphone	   0.03	   0.1	   0.07	   0.2	   -­‐	  
Bilaid-­‐C2	   0.005	   0.02	   0.2	   0.5	   -­‐	  
	  
	  
Table	   3.4.	   Summary	   of	   opioids	   potencies	   for	   four	   signalling	   pathways:	   GIRK	  
activation,	  βarr2	  recruitment,	  Ser375	  phophorylation	  and	  receptor	  internalization	  
	  
Concentration-­‐response	   curves	   for	   GIRK	   activation,	   βarr2	   recruitment,	   Ser375	  
phophorylation	  and	  receptor	  internalization	  were	  constructed	  by	  activating	  the	  AtT20-­‐
MOPr	   cells	   by	   a	   range	   of	   MOPr	   agonists.	   Data	   represents	   the	   mean	   ±	   SEM	   of	   2-­‐4	  
independent	  experiments.	  Data	  is	  normalizied	  to	  Met-­‐enkephalin	  (ME).	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  3.3.	  DISCUSSION	  
In	  this	  study,	  relative	  efficacy	  and	  potency	  of	  9	  opioid	  agonists	  have	  been	  determined	  
for	   four	   major	   signalling	   pathways	   in	   AtT20	   cells	   stably	   transfected	   with	   MOPr.	   I	  
selected	   a	   range	   of	   MOPr	   ligands	   based	   on	   their	   different	   profiles	   for	   G-­‐protein	  
activation	  and	  internalization	  including	  both	  endogenous	  and	  exogenous	  opioids.	  Met-­‐
enkephalin	   (endogenous)	  and	  DAMGO	  (exogenous)	  have	  high	   intrinsic	  efficacy	   for	  G-­‐
protein	  signalling	  and	  also	  can	  strongly	   induce	  endocytosis.	  Endomorphin-­‐2	   (putative	  
endogenous)	  with	  a	  similar	  intrinsic	  efficacy	  to	  morphine	  and	  fentanyl	  and	  methadone	  
(synthetic	   opioids)	   with	   a	   higher	   intrinsic	   efficacy	   than	  morphine	   in	   signalling	   to	   G-­‐
protein	  were	  all	  found	  to	  stimulate	  a	  robust	  endocytosis,	  while	  morphine	  is	  known	  as	  a	  
weak	   endocytosis	   inducer.	  Oxymorphone	   is	   a	   potent	  MOPr	   agonist	  which	   efficiently	  
produces	  receptor	  desensitization	  (Arttamangkul	  et	  al.,	  2008).	  Biliad-­‐C2	  is	  a	  novel	  tetra	  
peptide	   that	  derived	   from	   fungi.	  Bilaid-­‐C2	   is	   a	  potent	  μ-­‐opioid	   receptor	  agonist	  with	  
the	  same	  efficacy	  as	  morphine,	  but	  it	  completely	  failed	  to	  induce	  internalization.	  	  
	  
The	  concentration	  response	  curves	  were	  constructed	  for	  GIRK	  activation	  mediated	  by	  
G	   protein	   βγ-­‐subunit,	   Ser375	   phosphorylation,	   βarr-­‐2	   recruitment	   and	   internalization	  
for	  a	  series	  of	  MOPr	  agonists	  in	  a	  same	  population	  of	  the	  receptors	  in	  a	  same	  cell	  and	  
under	  similar	  condition	  at	  35-­‐37	  °C.	  
	  
Consistent	  with	  previous	   studies	   (Borgland	   et	   al.,	   2003;	  McPherson	   et	   al.,	   2010)	   the	  
agonist	   EC50	   values	   obtained	   for	   internalization	   were	   1.5	   to	   4	   times	   higher	   than	  
respective	  EC50	  for	  arrestin	  recruitment	  (except	  in	  fentanyl	  for	  which	  both	  values	  were	  
the	  same).	  A	  greater	  discrepancy	  was	  observed	  in	  EC50	  values	  of	  internalization	  versus	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  initial	   signalling	   pathways.	   The	   affinity	   of	   agonists	   for	   G-­‐protein	   pathway	   was	  
significantly	   (more	   than	   10-­‐fold)	   higher	   than	   internalization,	   p	   <	   0.0001	   two-­‐way	  
ANOVA	  followed	  by	  Bonferroni	  post-­‐test.	  These	  results	  indicated	  that	  agonists	  have	  a	  
greater	   level	   of	   receptor	   reserve	   for	   upstream	   signalling	   pathways	   like	   ion	   channel	  
activation	   over	   phosphorylation	   or	   internalization	   and	   responses	   from	   these	  
downstream	  pathways	  require	  more	  receptor	  occupancy.	  	  
	  
These	   results	   also	   showed	   that	   the	   relative	   efficacies	   of	   agonists	   for	   Ser375	  
phosphorylation,	  βarr2	  recruitment	  and	  internalization	  are	  highly	  associated.	  DAMGO,	  
Met-­‐enkephalin,	   endomorphin-­‐2,	   fentanyl	   and	   methadone	   strongly	   stimulate	   these	  
three	  signalling	   readouts,	  while	  morphine,	  oxymorphone	  and	  Bilaid-­‐C2	  had	  a	  weaker	  
ability	  for	  producing	  response	  at	  the	  same	  pathways.	  It	  is	  not	  very	  surprising	  and	  may	  
be	  readily	  interpreted;	  phosphorylation	  of	  MOPr	  residues	  at	  C-­‐terminal	  increase	  βarr2	  
affinity	  to	  the	  receptor	  and	  subsequently	  reflects	   in	  MOPr	   internalization	   (Doll	  et	  al.,	  
2011;	  Lau	  et	  al.,	  2011).	  	  However,	  no	  pattern	  was	  observed	  for	  the	  relative	  efficacies	  of	  
opioids	  to	  activate	  GIRK	  channels	  with	  three	  other	  pathways.	  
	  
It	  should	  be	  considered	  that	  in	  the	  initial	  experiments	  of	  GIRK	  activation,	  most	  of	  the	  
agonists	   (even	   those	   established	   as	   partial	   agonists	   for	  G-­‐protein	   activation	   in	   some	  
tissues)	  generated	  a	  full	  response	  in	  the	  system,	   indicating	  the	  possibility	  of	  receptor	  
overexpression.	   Pre-­‐treatment	   with	   β-­‐CNA	   confirmed	   the	   hypothesis	   and	  
differentiated	  full	  agonists	  such	  as	  DAMGO	  and	  Met-­‐enk	  from	  morphine,	  Endo-­‐2	  and	  
Bilaid-­‐C2.	   However,	   agonist	   potencies	   for	   other	   pathways	   were	   not	   affected	   by	  
receptor	   reserve	   and	   there	  was	   a	   good	   separation	   between	  partial	   agonists	   and	   full	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  agonists.	   This	  was	   expected	   because	   responses	   in	   these	   pathways	   have	   consistently	  
been	   shown	   to	   have	   low	   coupling	   efficacy	   (Borgland	   et	   al.,	   2003;	  McPherson	   et	   al.,	  
2010;	  Molinari	  et	  al.,	  2010;	  Rivero	  et	  al.,	  2012).	  Therefore	  pre-­‐treatment	  with	  β-­‐CNA	  
would	   be	   expected	   to	   abolish	   the	   signal	   for	   low	  efficacy	   agonists	   in	   pathways	   other	  
than	  GIRK	  coupling.	  
	  
Recent	   studies	   have	   proposed	   that	   analysis	   of	   entire	   concentration-­‐effect	   curves	  
provides	  necessary	  parameter	  to	  quantify	  ligand	  bias.	  Relative	  activity	  of	  drugs	  can	  be	  
easily	  compared	  in	  different	  signalling	  pathways	  and	  biased	  agonists	  can	  be	  identified	  
from	  concentration-­‐response	  curves	  (Kenakin	  et	  al.,	  2012a;	  Kelly,	  2013).	  	  
	  
Although	   maximal	   efficacy	   and	   potency	   are	   both	   indicators	   for	   bias	   measurement,	  
comparing	   the	  maximal	   efficacies	   or	   potencies	   alone	   is	   not	   adequate	   to	   distinguish	  
between	   biased	   agonists.	   Comparison	   of	   maximum	   responses	   cannot	   differentiate	  
between	  two	  full	  agonists	  in	  a	  system,	  and	  using	  potency	  values	  to	  determine	  agonist	  
activity	   is	  not	  sufficient	   in	  order	   to	  separates	  drugs	   that	  produce	  different	  maximum	  
effects.	   	   Therefore	   an	   optimal	   approach	   to	   quantify	   bias	   is	   using	   a	   method	   that	  
provides	  all	  the	  information	  from	  the	  concentration-­‐response	  curves,	  not	  only	  a	  single	  
point.	  	  	  
	  
The	  operational	  model	  developed	  by	  Black-­‐Leff	   is	   a	   valuable	  method	   to	   characterize	  
the	  agonism	  regardless	  of	  the	  system.	  By	  fitting	  the	  concentration-­‐response	  curves	  of	  
functional	   data	   to	   the	   operational	   model,	   functional	   efficacy	   and	   affinity	   can	   be	  
determined	  from	  a	  parameter	  defined	  as	  “transduction	  coefficient”	  (τ/KA),	  where	  τ	   is	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  agonist’s	  operational	  efficacy	  and	  KA	  is	  agonist	  equilibrium	  dissociation	  constant	  in	  the	  
functional	  system.	  The	  τ	  value	  embodies	  both	  agonist	   intrinsic	  efficacy	  to	  stimulate	  a	  
particular	   pathway	   and	   the	   receptor	   density,	   thus	   is	   dependent	   to	   the	   system.	  	  
Therefore,	  log(τ/KA)	  value	  denotes	  the	  effectiveness	  of	  a	  particular	  ligand-­‐receptor	  pair	  
to	  generates	  a	  response	  in	  a	  given	  system.	  In	  order	  to	  cancel	  out	  the	  factors	  associated	  
with	   the	   system,	   the	   relative	   effectiveness	   of	   an	   agonist	   is	   determined	   with	   a	  
normalized	  transduction	  coefficient	  ratio	  defined	  as	  Δlog	  (τ/KA).	  Finally,	  to	  quantify	  the	  
bias	  the	  Δlog	  (τ/KA)	  values	  compared	  between	  different	  signalling	  pathways.	  	  
	  
Functional	   data	   from	   concentration-­‐effect	   curves	   provided	   in	   this	   chapter	   for	   GIRK	  
current,	  Ser375	  phosphorylation,	  βarr2	   recruitment	  and	   internalization	  will	  be	  used	   in	  
Chapter	  4	  to	  quantify	  agonist	  bias.	  It	  should	  be	  taken	  into	  account	  that	  quantifying	  bias	  
requires	  a	  comprehensive	  analytical	  method	  that	  can	  be	  applicable	  for	  all	  the	  agonists	  
in	  all	   the	  signalling	  pathways.	   In	  the	  next	  chapter	  the	  different	  analytical	  approaches	  
for	  bias	  determination,	  based	  on	  operational	  model	  are	  extensively	  described.	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  4.	  Quantitative	  determination	  of	  biased	  agonists	  at	  MOPr	  
	  
	  
Chapter	  aim:	  
1. Quantify	  biased	  agonism	  from	  concentration-­‐response	  data	  using	  transduction	  
coefficient	  ratio	  model	  
2. Bias	  determination	  from	  concentration-­‐response	  data	  using	  operational	  model	  
with	  a	  shared	  dissociation	  constant	  for	  signalling	  pathways	  
3. Bias	  determination	  from	  concentration-­‐response	  data	  using	  operational	  model	  
with	  the	  functional	  KA	  values.	  	  
4. Comparing	  the	  different	  analytical	  approaches	  to	  estimate	  bias	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  4.1.	  INTRODUCTION:	  
Accurate	  measurement	  of	  the	  molecular	  drug	  properties	  including	  affinity	  and	  intrinsic	  
efficacy	   has	   an	   enormous	   impact	   on	   the	   drug	   discovery	   and	   optimization	   of	   new	  
therapeutic	   candidates	   (Shonberg	   et	  al.,	   2014;	   van	  der	  Westhuizen	   et	  al.,	   2014).	   For	  
decades,	   studies	   on	   drugs	   that	   targeting	   G-­‐protein	   coupled	   receptors	   (GPCRs)	   have	  
been	  narrowed	  by	   this	   theory	   that	   agonists	   acting	   at	   a	   certain	  GPCR,	   could	  produce	  
different	   efficacies	   but	   they	   would	   activate	   the	   same	   sets	   of	   signalling	   pathways	  
(Kenakin	  et	  al.,	  2012b).	  In	  this	  model,	  all	  the	  agonists	  stabilize	  the	  same	  active	  state	  of	  
the	   receptor.	  For	   instance	  agonists	  with	  high	  efficacy	   to	  couple	   to	  G-­‐proteins	  have	  a	  
greater	   efficacy	   to	   promote	   phosphorylation,	   arrestin	   recruitment	   and	   endocytosis.	  
Recently,	   it	   has	   been	   demonstrated	   that	   agonists	   do	   not	   uniformly	   interact	   with	  
different	   signalling	   pathways.	   Biochemical	   studies	   using	   methods	   such	   as	   plasmon	  
waveguide	  resonance	  spectroscopy	  (Hruby	  et	  al.,	  2007),	  X-­‐ray	  crystallography	  (Okada	  
et	  al.,	  2001)	  and	  MNR	  spectroscopy	  (Liu	  et	  al.,	  2012)	  have	  provided	  evidence	  that	  each	  
ligand	  can	  stabilize	  a	  unique	  subset	  of	   receptor	  conformation	  that	   leads	  to	  signalling	  
through	   distinct	   pathways	   mediated	   by	   a	   given	   receptor.	   The	   ability	   of	   agonists	   to	  
selectively	   activate	   G-­‐protein	   mediating	   signalling	   by	   stabilizing	   distinct	   receptor	  
conformations	   has	   been	   termed	   biased	   agonism,	   functional	   selectivity	   or	   ligand-­‐
directed	   signalling	   (Violin	   et	   al.,	   2007;	   Kenakin	   et	   al.,	   2012a;	   Kelly,	   2013).	   Accurate	  
quantification	  of	  biased	  agonism	  and	  a	  correct	  interpretation	  provides	  the	  opportunity	  
to	  develop	  novel	  pathway-­‐selective	  drugs	  that	  specifically	  produce	  therapeutic	  effects	  
without	  promoting	  side	  effects.	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  Using	  a	  single	  parameter	  to	  estimate	  ligand	  activity	  in	  any	  system	  is	  an	  ideal	  analytical	  
approach	   in	   order	   to	   investigate	   the	   exact	   discrepancy	   between	   agonist	   activities.	  
Comparing	   the	   agonist	   potency	   values,	   cannot	   distinguish	   the	   agonists	   that	   produce	  
different	  maximal	  response	  and	  using	  the	  maximal	  efficacy	   is	   inadequate	  to	  separate	  
full	   agonists	   (Shonberg	   et	   al.,	   2013).	   Therefore	   using	   a	   factor	   that	   provides	   both	  
potency	  and	  maximal	  efficacy	  information	  is	  optimal	  to	  identify	  biased	  agonist.	  Several	  
analytical	   approaches	   have	   been	   proposed	   for	   bias	   quantification	   by	   analysis	   the	  
concentration-­‐response	  data	  such	  as	  using:	  
	  
1)	  Relative	  activity	  values	  (RA)	  that	  describes	  as	  a	  ratio	  of	  maximal	  response	  to	  the	  EC50	  
value	   (log	   Emax/EC50)	   for	   an	   agonist	   in	   a	   given	   system	   (Ehlert,	   2005;	   Ehlert,	   2008;	  
Figueroa	   et	   al.,	   2009).	   Based	   on	  Black-­‐Leff	   operational	  model,	   log	   (RA)	   value	  will	   be	  
defined	  as	  the	  following	  equation:	  
log 𝑅𝐴 = log 𝐸!𝜏![ 2 + 𝜏! ! ! − 1]𝐾!(1 + 𝜏!) 	  
In	  this	  model	  log	  (RA)	  values	  are	  nonlinear	  with	  changing	  receptor	  density	  when	  n≠1.	  
This	  method	  can	  be	  used	  for	  the	  concentration-­‐response	  curves,	  which	  their	  slopes	  are	  
not	  significantly	  different	  from	  unity	  (Kenakin	  et	  al.,	  2012b).	  
	  
2)	  Equiactive	  concentrations	  comparison	  to	  quantify	   the	  ratio	  of	  agonist	  efficacy	  and	  
agonist	   affinity	   by	   comparing	   equieffective	   concentrations	   of	   a	   full	   agonist	   with	   a	  
partial	  agonist	  for	  a	  given	  signalling	  pathway	  in	  a	  specific	  system	  (Barlow	  et	  al.,	  1963).	  
This	   model	   is	   also	   valid	   when	   the	   slopes	   of	   concentration-­‐response	   curves	   are	  
significantly	  similar	  to	  unity.	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3)	  βlig	  values	  or	  bias	  factor	  that	  is	  calculated	  by	  comparing	  the	  effective	  signalling	  (σ)	  by	  
the	   agonists	   between	   different	   signalling	   pathways	   (Rajagopal	   et	   al.,	   2011).	   This	  
method	   has	   been	   developed	   from	   the	   operational	  model	   of	   Black-­‐Leff	   (Black	   et	   al.,	  
1983)	   that	   estimates	   the	   coupling	   efficacy	   of	   agonists	   to	   each	   signalling	   pathway	   (τ	  
values).	  The	  σ	  values	  were	  then	  calculated	  by	  comparing	  the	  τ	  values	  relative	  to	  that	  of	  
a	  reference	  ligand.	  For	  fitting	  the	  data	  to	  the	  operational	  model,	  a	  single	  dissociation	  
constant	   (KA)	   were	   used	   that	   has	   been	   determined	   from	   radioligand	   binding	   assay.	  
Therefore,	  it	  has	  been	  assumed	  that	  the	  affinity	  of	  an	  agonist	  would	  be	  the	  same	  when	  
the	  receptor	  couple	  to	  the	  different	  signalling	  pathways.	  	  Hence,	  using	  a	  single	  KA	  value	  
increases	  the	  possibility	  to	  produce	  a	  significant	  error	  in	  bias	  calculation.	  
	  
4)	  Transduction	  coefficient	  log	  (τ/KA)	  which	  is	  comprised	  of	  the	  operational	  affinity	  and	  
functional	  efficacy	  of	  an	  agonist	  (Kenakin	  et	  al.,	  2012a;	  Kenakin	  et	  al.,	  2012b;	  Shonberg	  
et	  al.,	   2013;	   Thompson	   et	  al.,	   2014).	   The	   τ	   value	  denotes	   the	   intrinsic	  efficacy	  of	   an	  
agonist	   in	   a	   certain	   signalling	   pathway	   by	   considering	   the	   receptor	   density.	   The	   KA	  
value	   is	   the	   functional	   affinity	   of	   the	   agonist	   to	   the	   receptor	   that	   couples	   to	   the	  
particular	  signalling	  effectors.	   log	  (τ/KA)	  scale	  describes	  the	  total	  power	  of	  an	  agonist	  
to	  produce	  a	  response.	  The	  relative	  power	  of	  the	  agonist	  to	  activate	  each	  pathway	  is	  
quantified	   by	   normalizing	   log	   (τ/KA)	   values	   to	   that	   of	   a	   reference	   ligand	   in	   order	   to	  
cancel	   the	   effects	   of	   the	   system	   and	   observational	   bias	   and	   defined	   as	   Δlog	   (τ/KA).	  
Ligand	   bias	   finally	   can	   be	   calculated	   by	   comparing	   the	   Δlog	   (τ/KA)	   values	   of	   a	   given	  
agonist	  across	  different	  pathways	  (ΔΔlog	  (τ/KA))(Kenakin	  et	  al.,	  2012b).	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  It	   should	  be	  noted	   that	   in	   this	  model,	   transduction	  coefficient	   remains	   constant	   in	  a	  
various	  range	  of	  receptor	  density	  (Kenakin	  et	  al.,	  2012b).	  This	  factor	  is	  very	  important	  
for	  bias	  quantifying,	  as	  distinct	  tissues	  would	  have	  different	  receptor	  expressions.	   	   In	  
general,	   relative	   transduction	   ratio	   (ΔΔlog	   (τ/KA))	   method	   is	   one	   of	   the	   most	  
comprehensive	  and	  applicable	  methods	  for	  bias	  quantification.	  	  
	  
4.2.	  RESULTS:	  	  
4.2.1.	  Quantitative	  determination	  of	  ligand	  bias	  
MOPr	  agonists	  have	  different	  efficacy	  and	  the	  potency	  profiles	  for	  signalling	  pathways,	  
thus	  distinctly	  display	  bias	  towards	  pathways.	  For	  example,	  as	  shown	  in	  table	  3.2	  and	  
3.4,	  morphine	  has	  a	  high	  efficacy	  for	  GIRK	  pathway	  (83	  ±	  3	  %)	  with	  pEC50	  equals	  7.24	  ±	  
0.08,	  while	  has	  a	   low	  efficacy	   (23	  ±	  1	  %)	   for	   internalization	  with	  pEC50	  equals	  5.67	  ±	  
0.16.	   In	   contrast,	   endomorphin-­‐2	   that	   activates	   the	  GIRK	  with	   the	   similar	   efficacy	   to	  
morphine	   (87	   ±	   4	   %)	   and	   pEC50,	   7.99	   ±	   0.06	   is	   an	   efficacious	   agonist	   in	   promoting	  
internalization	   (maximal	   response,	  92	  ±	  2%	  and	  pEC50,	  6.28	  ±	  0.08).	   These	  variations	  
imply	   the	  biased	  signalling	  among	  the	  agonists.	  To	  quantify	   the	  bias,	   the	  operational	  
model	  was	  employed	  to	  estimate	  (τ/KA)	  value	  as	  a	  representative	  scale	  of	  the	  power	  of	  
the	  agonist	  in	  the	  signalling	  readouts.	  	  
	  
As	  discussed	  earlier,	   ligand	  bias	   is	  a	  relative	  value.	   In	  order	  to	  determine	  an	  accurate	  
and	  reliable	  bias,	  a	  reference	  agonist	  is	  needed	  to	  eliminate	  the	  effects	  of	  the	  system	  
and	  also	  observational	  bias	  that	  occurs	  as	  a	  result	  of	  experimental	  conditions.	  An	  ideal	  
reference	   agonist	   should	   possess	   a	   relatively	   high	   efficacy	   for	  most	   of	   the	   signalling	  
112
	  pathways.	   Moreover	   for	   a	   better	   interpretation	   of	   bias	   in	   vivo	   and	   link	   the	  
physiological	  effect	  of	  a	  drug	  and	  biased	  signalling,	  a	  ligand	  is	  required	  that	  has	  been	  
extensively	  studied.	  Since	  DAMGO	  displayed	  relatively	  high	  efficacies	   for	  most	  of	   the	  
pathways	   and	   also	   is	   one	   of	   the	  MOPr	   agonists	   that	   have	   been	  widely	   studied,	  was	  
chosen	  as	  reference	  ligand	  in	  all	  the	  four	  pathways.	  	  	  
	  
Figure	  4.1,	  shows	  the	  effectiveness	  of	  the	  MOPr	  agonists	  relative	  to	  DAMGO	  for	  GIRK	  
activation,	   Ser375	  phosphorylation,	  β-­‐arr2	   recruitment	  and	   internalization.	  Relative	   to	  
DAMGO,	  when	  both	  efficacy	  and	  affinity	  factors	  consider,	  morphine	  have	  significantly	  
lower	   effectiveness	   in	   all	   pathways.	   Fentanyl-­‐activated	   receptor	   interacts	   with	   G-­‐
protein	   and	   Ser375	   phosphorylation	   pathways	   with	   greater	   effectiveness	   due	   to	   its	  
higher	  potency	  for	  these	  two	  pathways.	  Oxymorphone	  and	  Bilaid-­‐C2	  did	  not	  stimulate	  
significant	   internalization.	  As	  shown	   in	  the	  Table	  4.2,	   the	  Standard	  Error	  values	  were	  
not	   acceptable	   for	   further	   statistical	   analyses.	   Log	   (τ/KA),	   Δlog	   (τ/KA)	   and	   relative	  
effectiveness	  (RE,	  10	  Δlog	  (τ/KA))	  values	  were	  outlined	  in	  Table	  4.1	  and	  4.2.	  	  
	  
Bilaid-­‐C2	   is	   remarkably	   important	   in	   this	   project	   because	   is	   the	   only	   ligand	   that	   has	  
similar	   effectiveness	   for	   G-­‐protein	   activation	   relative	   to	   DAMGO	   but	   shows	  
significantly	   lower	   effectiveness	   for	   Ser375	   phosphorylation	   and	   β-­‐arr2	   recruitment.	  
Moreover	  Bilaid-­‐C2	  is	  not	  able	  to	  promote	  receptor	  internalization.	  Of	  course,	  the	  log	  
(τ/KA)	  value	  for	  endocytosis	  pathway	  could	  not	  be	  measured	  for	  Bilaid-­‐C2	  because	   it	  
did	  not	  produce	  any	  endocytosis.	  
	  
113
	  One	   of	   the	   limitations	   of	   Transduction	   coefficient	   model	   can	   be	   observed	   in	   bias	  
calculation	  of	  very	  low	  efficacy	  agonists.	  For	  example,	  Bilaid-­‐C2	  efficiently	  activates	  G-­‐
protein	  but	   fails	   to	   stimulate	  endocytosis.	   In	   this	   case,	  Bilaid-­‐C2	  displays	  an	  extreme	  
bias	   towards	   G-­‐protein	   over	   internalization;	   while	   the	   bias	   cannot	   be	   estimated	   by	  
fitting	  the	  concentration-­‐response	  curve	  to	  this	  model	  due	  to	  the	   insensitivity	  of	  this	  
model	  for	  very	  low	  efficacy	  agonists.	  
	  
Bias	   factors	   between	   pathways	   for	   each	   agonist	   were	   obtained	   by	   calculating	   the	  
ΔΔlog	  (τ/KA)	  factor	  (Figure	  4.2	  –	  4.4).	  Relative	  to	  DAMGO,	  Bilaid-­‐C2	  was	  the	  only	  ligand	  
showed	  significant	  bias	  toward	  G-­‐protein	  activation	  over	  three	  other	  pathways,	  which	  
activating	   Ser375	   phosphorylation	   signalling	   6	   fold	   and	   β-­‐arr2	   20	   fold	   better	   than	   G-­‐
protein.	  However	  as	  discussed	  before	  ΔΔlog	  (τ/KA)	  value	  for	  Bilaid-­‐C2	  was	  not	  statically	  
determined	  due	   to	   its	  weak	   coupling	  efficiency	   to	   internalization.	  No	   significant	  bias	  
was	   observed	   for	   β-­‐arr2	   recruitment	   over	   internalization	   and	   also	   Ser375	  
phosphorylation	   over	   internalization	   for	   any	   agonists,	   suggesting	   that	   these	   three	  
pathways	   are	   relatively	   linked.	   However,	   unlike	   other	   agonists,	   fentanyl	   showed	  
significant	  bias	  towards	  phosphorylation	  over	  β-­‐arr2	  pathway	  (24	  fold).	  The	  rank	  order	  
of	  pathway	  bias	  for	  fentanyl	  was	  phosphorylation	  =	  GIRK	  activation	  >	  internalization	  >	  
β-­‐arr2	  recruitment	  (unpaired	  two-­‐tailed	  Student’s	  test).	  Notably,	  morphine	  showed	  no	  
significant	  bias	  for	  any	  pathways.	  Relative	  effectiveness	  and	  biased	  factor	  values	  were	  
analyzed	  relative	  to	  DAMGO	  using	  one-­‐way	  ANOVA	  followed	  by	  Bonferroni	  post-­‐test.	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Figure	  4.1.	  Relative	  transduction	  ratios	  of	  MOPr	  agonists	  to	  DAMGO	  
	  
Concentration	   response	   curves	   of	   each	   signalling	   pathway	   were	   fitted	   to	   the	  
operational	   model	   to	   calculate	   the	   transduction	   coefficient	   log	   (τ/KA).	   The	   relative	  
effectiveness	  of	  agonists	  were	  determined	  by	  using	  DAMGO	  as	  reference	  ligand	  in	  four	  
pathways	  (A)	  GIRK	  activation,	  (B)	  β-­‐arr2	  recruitment,	  (C)	  Ser375	  phosphorylation	  and	  (D)	  
internalization.	   Since	   methadone	   directly	   blocks	   the	   GIRK	   channels,	   concentration	  
response	  curve	  was	  not	  constructed	  for	  this	  agonist	  and	  therefore	  Δlog	  (τ/KA)	  ratio	  was	  
not	   estimated	   in	   this	   pathway.	   Data	   presents	   the	  mean	   ±	   S.E.M	   of	   2-­‐4	   independent	  
experiments	   and	  were	   analyzed	   using	   one-­‐way	   ANOVA	   followed	   by	   Bonferroni	   post-­‐
test.	  
(ND	  indicates	  that	  the	  transduction	  coefficient	  has	  not	  been	  determined)	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Figure	  4.2.	  Determination	  of	  ligand	  bias	  for	  different	  signalling	  pathways	  at	  MOPr	  
	  
To	  estimate	  the	  actual	  bias	  for	  each	  agonist,	  the	  relative	  transduction	  coefficient	  ratios,	  
Δlog	   (τ/KA)	  were	  compared	  across	  different	  pathways.	  The	  bias	   factor	  was	  calculated	  
from	   the	   differences	   between	   Δlog	   (τ/KA)	   values	   from	   a	   given	   ligand	   between	   two	  
pathways,	   ΔΔlog	   (τ/KA).	   Bias	   factors	   were	   not	   determined	   for	   all	   agonists	   in	   all	  
pathways,	  because	  the	  log	  (τ/KA)	  ratios	  cannot	  be	  calculated	  when	  an	  agonist	  does	  not	  
activate	  the	  pathway.	  Panels	  A,B	  and	  C	  show	  the	  agonist	  bias	  for	   internalization	  over	  
GIRK	   activation,	   Ser375	   phosphorylation	   and	   β-­‐arr2	   recruitment	   respectively.	   D	   and	   E	  
present	   the	   bias	   for	   β-­‐arr2	   recruitment	   against	   GIRK	   activation	   and	   Ser375	  
phosphorylation,	  and	  F	  shows	  the	  bias	  of	  Ser375	  phosphorylation	  over	  GIRK	  activation.	  
The	   data	   represent	   the	   mean	   ±	   S.E.M	   of	   2-­‐4	   independent	   experiments	   and	   were	  
analyzed	  using	  one-­‐way	  ANOVA	  followed	  by	  Bonferroni	  post-­‐test.	  
(ND	  indicates	  that	  the	  ΔΔlog	  (τ/KA)	  has	  not	  been	  determined	  for	  this	  agonist)	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Ligand	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  GIRK	  activation	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ser375	  phosphorylation	  
	  
	  	  Log	  (τ/KA)	  	  	  	  	  	  	  ΔLog	  (τ/KA)	  	  	  	  	  	  	  	  RE	  	  	  	  	  	  	  	  	  
	  
Log	  (τ/KA)	  	  	  	  	  	  	  	  ΔLog	  (τ/KA)	  	  	  	  	  	  	  	  	  	  	  RE	  
	  
	  
DAMGO	  
	  
	  
7.42	  ±	  0.06	  
	  
	  
	  
0.00	  ±	  0.08	  
	  
	  
1.00	  
	  
	  
6.90	  ±	  0.04	  
	  
	  
	  
0.00	  ±	  0.06	  
	  
	  
	  
1.00	  
	  
	  
Met-­‐enk	  
	  
7.81	  ±	  0.06	  
	  
	  
0.394	  ±	  0.08	  
	  
	  
2.48	  
	  
6.97	  ±	  0.05	  
	  
	  
0.76	  ±	  0.06	  
	  
	  
1.19	  
	  
	  
Endo-­‐2	  
	  
7.28	  ±	  0.08	  
	  
	  
-­‐0.13	  ±	  0.10	  
	  
0.73	  
	  
7.07	  ±	  0.06	  
	  
	  
0.17	  ±	  0.07	  
	  
1.49	  
	  
	  
Fentanyl	  
	  
8.22	  ±	  0.07	  
	  
	  
0.80	  ±	  0.09	  
	  
	  
6.32***	  
	  
8.00	  ±	  0.06	  
	  
	  
1.11	  ±	  0.08	  
	  
12.73***	  
	  
	  
Methadone	  
	  
ND	  
	  
	  
ND	  
	  
ND	  
	  
6.46	  ±	  0.06	  
	  
	  
-­‐0.43	  ±	  0.07	  
	  
	  
0.37	  
	  
	  
Morphine	  
	  
6.46	  ±	  0.09	  
	  
	  
-­‐0.96	  ±	  0.10	  
	  
0.11***	  
	  
5.47	  ±	  0.12	  
	  
	  
-­‐1.42	  ±	  0.12	  
	  
0.04***	  
	  
	  
Oxymorphon
e	  
	  
6.60	  ±	  0.13	  
	  
	  
-­‐0.81	  ±	  0.14	  
	  
0.15***	  
	  
6.73	  ±	  0.15	  
	  
	  
0.17	  ±	  0.16	  
	  
0.67	  
	  
	  
Bilaid-­‐C2	  
	  
7.56	  ±	  0.09	  
	  
	  
0.14	  ±	  0.10	  
	  
	  
1.38	  
	  
6.24	  ±	  0.14	  
	  
	  
-­‐0.66	  ±	  0.14	  
	  
0.21**	  
	  
	   	   	   	   	   	   	  
	  
Table	  4.1.	  Transduction	   ratios	  and	  relative	  effectiveness	  of	  MOPr	  agonists	   for	  GIRK	  
activation	  and	  Ser375	  phosphorylation	  	  
	  
The	  AtT20-­‐MOPr	  cells	  were	  activated	  by	  different	  concentrations	  of	  MOPr	  agonists	  and	  
responses	   for	   GIRK	   activation	   and	   Ser375	   phosphorylation	   were	   fitted	   to	   a	   nonlinear	  
regression	   using	   transduction	   coefficient-­‐operational	   model.	   Graphpad	   Prism	   was	  
employed	  to	  calculate	  the	  log	  (τ/KA).	  The	  Δlog	  (τ/KA)	  values	  were	  determined	  from	  the	  
differences	  of	  the	  log	  (τ/KA)	  values	  of	  the	  agonists	  and	  DAMGO	  (reference	  ligand).	  The	  
relative	  effectiveness	  (RE)	  values	  equal	  antilog	  of	  Δlog	  (τ/KA)	  values.	  The	  data	  represent	  
the	  mean	  ±	  S.E.M	  of	  2-­‐4	   independent	  experiments	  and	  were	  analyzed	  using	  one-­‐way	  
ANOVA	  followed	  by	  Bonferroni	  post-­‐test.	  
	  
120
	  	  
	  
	  
Ligand	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  β-­‐arr2	  binding	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Internalization	  
	  
Log	  (τ/KA)	  	  	  	  	  	  	  	  ΔLog	  (τ/KA)	  	  	  	  	  	  	  RE	  
	  
	  	  Log	  (τ/KA)	  	  	  	  	  	  	  	  ΔLog	  (τ/KA)	  	  	  	  	  	  	  	  	  	  RE	  
	  
	  
DAMGO	  
	  
	  
6.76	  ±	  0.06	  
	  
	  
	  
0.00	  ±	  0.09	  
	  
	  
1.00	  
	  
6.24	  ±	  0.05	  
	  
0.00	  ±	  0.07	  
	  
1.00	  
	  
Met-­‐enk	  
	  
6.24	  ±	  0.05	  
	  
	  
-­‐0.53	  ±	  0.08	  
	  
0.29	   6.15	  ±	  0.04	   -­‐0.09	  ±	  0.06	   0.80	  
	  
Endo-­‐2	  
	  
6.97	  ±	  0.05	  
	  
	  
0.20	  ±	  0.08	  	  
	  
1.60	   6.27	  ±	  0.05	   0.03	  ±	  0.07	   1.06	  
	  
Fentanyl	  
	  
6.48	  ±	  0.07	  
	  
	  
-­‐0.28	  ±	  0.10	  
	  
0.53	   6.65	  ±	  0.06	   0.40	  ±	  0.07	   2.56	  
	  
Methadone	  
	  
5.78	  ±	  0.07	  
	  
	  
-­‐0.98	  ±	  0.10	  
	  
0.10*	   6.03	  ±	  0.06	   -­‐0.21	  ±	  0.07	   0.61	  
	  
Morphine	  
	  
5.76	  ±	  0.32	  
	  
	  
-­‐1.01	  ±	  0.32	  
	  
0.10*	   5.26	  ±	  0.28	   -­‐0.99	  ±	  0.29	   0.10**	  
	  
Oxymorphone	  
	  
6.27	  ±	  0.18	  
	  
	  
-­‐0.50	  ±	  0.20	  
	  
0.32	   6.52	  ±	  1.78	   0.28	  ±	  1.78	   −	  
	  
Bilaid-­‐C2	  
	  
5.57	  ±	  0.32	  
	  
	  
-­‐1.19	  ±	  0.32	  
	  
0.06**	   6.64	  ±	  2.31	   0.39	  ±	  2.31	   −	  
	  
	  
Table	  4.2.	  Transduction	  ratios	  and	  relative	  effectiveness	  of	  MOPr	  agonists	  for	  β-­‐arr2	  
recruitment	  and	  internalization	  
	  
The	  AtT20-­‐MOPr	  cells	  were	  activated	  by	  different	  concentrations	  of	  MOPr	  agonists	  and	  
responses	   for	   β-­‐arr2	   recruitment	   and	   internalization	   were	   fitted	   to	   a	   nonlinear	  
regression	   using	   transduction	   coefficient-­‐operational	   model.	   Graphpad	   Prism	   was	  
employed	  to	  calculate	  the	  log	  (τ/KA).	  The	  Δlog	  (τ/KA)	  values	  were	  determined	  from	  the	  
differences	  of	  the	  log	  (τ/KA)	  values	  of	  the	  agonists	  and	  DAMGO	  (reference	  ligand).	  The	  
relative	  effectiveness	  (RE)	  values	  equal	  antilog	  of	  Δlog	  (τ/KA)	  values.	  The	  data	  represent	  
the	  mean	  ±	  S.E.M	  of	  2-­‐4	   independent	  experiments	  and	  were	  analyzed	  using	  one-­‐way	  
ANOVA	  followed	  by	  Bonferroni	  post-­‐test.	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Internalization	   -­‐	  
GIRK	  activation	  
	  
Internalization	   -­‐
Ser375	  
Phosphorylation	  	  
	  
Internalization	   –	  
β-­‐arr2	  binding	  
	  
	  	  	  	  	  	  	  Ligand	  	  	  	  	  	  	  	  	  	  	  	  	  	  ΔΔLog	  (τ/KA)	  	  	  	  	  	  	  	  BF	   	  	  	  	  ΔΔLog	  (τ/KA)	  	  	  	  	  	  	  BF	   	  	  	  	  ΔΔLog	  (τ/KA)	  	  	  	  	  	  	  BF	  
	  
DAMGO	  
	  
0.00	  ±	  0.10	   1.00	   0.00	  ±	  0.09	   1.00	   0.00	  ±	  0.11	   1	  
	  
Met-­‐enk	  
	  
-­‐0.49	  ±	  0.10	   0.32	   -­‐0.17	  ±	  0.09	   0.68	   0.44	  ±	  0.10	   2.73	  
	  
Endo-­‐2	  
	  
0.16	  ±	  0.12	   1.45	   -­‐0.15	  ±	  0.10	   0.71	   -­‐0.18	  ±	  0.11	   0.67	  
	  
Fentanyl	  
	  
-­‐0.39	  ±	  0.11	   0.40	   -­‐0.7	  ±	  0.11	   0.2	   0.69	  ±	  0.12	   4.85	  
	  
Methadone	  
	  
ND	   ND	   0.22	  ±	  0.1	   1.67	   0.77	  ±	  0.12	   5.96	  
	  
Morphine	  
	  
-­‐0.03	  ±	  0.31	   0.93	   0.44	  ±	  0.31	   2.73	   0.02	  ±	  0.43	   1.05	  
	  
Oxymorpho
ne	  
	  
1.09	  ±	  1.8	   −	   0.45	  ±	  1.78	   −	   0.78	  ±	  1.79	   −	  
	  
Bilaid-­‐C2	  
	  
0.25	  ±	  2.31	   −	   1.05	  ±	  2.31	   −	   1.58	  ±	  2.33	   −	  
	  
	  
	  
Table	  4.3.	  ΔΔlog	  (τ/KA)	  ratio	  values	  and	  bias	  factors	  of	  MOPr	  agonists	  	  
	  
ΔΔlog	   (τ/KA)	   ratios	  were	   determined	   by	   comparing	   the	   Δlog	   (τ/KA)	   values	   of	   a	   given	  
agonist	  (from	  Table	  4.1	  and	  4.2)	  between	  two	  different	  signalling	  pathways.	  The	  bias	  
factors	  equal	  antilog	  ΔΔlog	  (τ/KA)	  ratios.	  The	  data	  represent	  the	  mean	  ±	  S.E.M	  of	  2-­‐4	  
independent	   experiments	   and	   were	   analyzed	   using	   one-­‐way	   ANOVA	   followed	   by	  
Bonferroni	  post-­‐test.	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β-­‐arr2	   binding	   -­‐	  
GIRK	  activation	  
	  
β-­‐arr2	   binding	   -­‐
Ser375	  
Phosphorylation	  	  
	  
Ser375	  
Phosphorylation	  –	  
GIRK	  activation	  
	  
	  	  	  	  	  	  	  Ligand	  	  	  	  	  	  	  	  	  	  	  	  	  	  ΔΔLog	  (τ/KA)	  	  	  	  	  	  	  	  BF	   	  	  	  	  ΔΔLog	  (τ/KA)	  	  	  	  	  	  	  BF	   	  	  	  	  ΔΔLog	  (τ/KA)	  	  	  	  	  	  	  BF	  
	  
DAMGO	  
	  
0.00	  ±	  0.12	   1.00	   0.00	  ±	  0.11	   1.00	   0.00	  ±	  0.10	   1.00	  
	  
Met-­‐enk	  
	  
-­‐0.92	  ±	  0.12	   0.12	   -­‐0.61	  ±	  0.10	   0.25	   -­‐0.32	  ±	  0.10	   0.48	  
	  
Endo-­‐2	  
	  
0.34	  ±	  0.13	   2.17	   0.03	  ±	  0.11	   1.07	   0.31	  ±	  0.12	   2.03	  
	  
Fentanyl	  
	  
-­‐1.08	  ±	  0.13	   0.08	   -­‐1.38	  ±	  0.12	   0.04**	   0.30	  ±	  0.11	   2.01	  
	  
Methadone	  
	  
ND	   ND	   -­‐0.55	  ±	  0.12	   0.28	   ND	   ND	  
	  
Morphine	  
	  
-­‐0.05	  ±	  0.34	   0.89	   0.41	  ±	  0.34	   2.6	   -­‐0.47	  ±	  0.16	   0.34	  
	  
Oxymorpho
ne	  
	  
0.31	  ±	  0.24	   2.06	   -­‐0.33	  ±	  0.25	   0.47	   0.64	  ±	  0.21	   4.39*	  
	  
Bilaid-­‐C2	  
	  
-­‐1.33	  ±	  0.34	   0.05**	   -­‐0.53	  ±	  0.35	   0.29	   -­‐0.80	  ±	  0.17	   0.16*	  
	   	   	   	   	   	   	  
	  
	  
	  
Table	  4.4.	  ΔΔlog	  (τ/KA)	  ratio	  values	  and	  bias	  factors	  of	  MOPr	  agonists	  	  
	  
ΔΔlog	   (τ/KA)	   ratios	  were	   determined	   by	   comparing	   the	   Δlog	   (τ/KA)	   values	   of	   a	   given	  
agonist	  (from	  Table	  4.1	  and	  4.2)	  between	  two	  different	  signalling	  pathways.	  The	  bias	  
factors	  equal	  antilog	  ΔΔlog	  (τ/KA)	  ratios.	  The	  data	  represent	  the	  mean	  ±	  S.E.M	  of	  2-­‐4	  
independent	   experiments	   and	   were	   analyzed	   using	   one-­‐way	   ANOVA	   followed	   by	  
Bonferroni	  post-­‐test.	  
123
	  As	   discussed	   earlier,	   bias	   factor	   could	   not	   be	   determined	   for	   all	   the	   agonists	   for	  
internalization,	   because	   the	   absence	   of	   activation	   of	   a	   pathway	   prevents	   the	  
estimation	   of	   (τ/KA)	   value.	   It	   should	   be	   noted	   that	   quantifying	   the	   bias	   towards	   G-­‐
protein	   activation	   over	   internalization	   plays	   an	   important	   role	   for	   the	   further	  
interpretations.	   Comparing	   the	   bias	   factors	   demonstrated	   that	   phosphorylation,	  
arrestin	   translocation	   and	   internalization	   are	   relatively	   link	   together	   and	   agonists	  
mostly	   do	   not	   display	   bias	   towards	   any	   of	   them,	   except	   fentanyl,	   which	   strongly	  
promoted	  Ser375	  phosphorylation	  and	  was	  significantly	  more	  effective	  in	  this	  pathway	  
over	   β-­‐arr2.	   However,	   the	   agonist	   potency	   to	   stimulate	   G-­‐proteins	   and	   the	   related	  
signalling	  outputs	  such	  as	  activation	  of	  ion	  channels	  can	  be	  extremely	  distinct	  from	  the	  
arrestin	  binding	  and	  internalization.	  	  
	  
In	   order	   to	   calculate	   the	   bias	   for	   the	   not	   determined	   agonists,	   the	   concentration-­‐
response	  curves	   re-­‐analyzed	  using	   the	  operational	  model	  developed	  by	  Rajogopal	   to	  
measure	   βlig	   values	   and	   σlig	   values	   as	   described	   earlier.	   The	   same	   as	   transduction	  
coefficient	  method,	  this	  model	  uses	  the	  Black-­‐Leff	  operational	  model	  to	  calculate	  the	  
intrinsic	   efficacy	   (τ)	   of	   the	   agonists.	   The	   τ	   values	  were	  determined	   from	   the	  original	  
equation	  described	  in	  Chapter	  1.	  The	  effective	  signalling	  (σlig)	  is	  the	  ability	  of	  an	  agonist	  
to	   activate	   a	   pathway	   relative	   to	   a	   reference	   ligand	   and	   bias	   factor	   (βlig)	   is	   the	  
difference	  between	  σlig	  values	   for	  an	  agonist	   in	   two	  different	  pathways	   (Rajagopal	  et	  
al.,	  2011)	  and	  calculated	  by	  following	  equations:	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In	  this	  method	  one	  single	  KA	  is	  shared	  among	  all	  the	  pathways	  that	  this	  KA	  value	  can	  be	  
estimated	   by	   radio-­‐ligand	   binding	   assay	   or	   by	   fractional	   receptor	   inactivation	  
developed	  by	  Furchgott	  and	  Bursztyn	  (Furchgott	  et	  al.,	  1967;	  Strange,	  2008).	  The	  latter	  
was	  used	  here	   for	   KA	   estimation.	   For	   receptor	   occlusion	  model,	   a	   fraction	  of	  MOPrs	  
was	   inactivated	   by	   an	   irreversible	   antagonist,	   β-­‐CNA.	   The	   concentrations	   of	   agonist	  
before	   receptor	   inactivation	   were	   compared	   with	   the	   corresponding	   equieffective	  
concentrations	  after	  β-­‐CNA	  treatment	  from	  the	  responses	  evoked	  from	  GIRK	  currents.	  
Figure	  4.3.A	  shows	  the	  effect	  of	  β-­‐CNA	  treatment	  on	  concentration	  response	  curve	  for	  
GIRK	  current	  stimulated	  by	  DAMGO.	  In	  order	  to	  calculate	  the	  KA	  values,	  the	  reciprocals	  
of	  the	  concentrations	  of	  the	   ligand	  before	  β-­‐CNA	  treatment	  ( ![!])	  were	  plotted	  versus	  
the	   reciprocals	   of	   the	   equieffective	   concentrations	   after	   treatment	   ( !  [!]! )	   	   (Figure	  
4.3.B).	  According	  to	  the	  equation,	  below	  KA	  equals	  (slope-­‐1)/intercept;	  where	  q	  is	  the	  
fraction	  of	  active	  receptors	  and	  equals	  1/slope.	  	  
	  
1[𝐴] = 1 − 𝑞𝑞[𝐴!] + 1𝑞𝐾!	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Figure	  4.3.	  Estimation	  of	  dissociation	  constant	  using	  fractional	  receptor	  inactivation	  
	  
Figure	   A,	   presents	   the	   concentration-­‐response	   curves	   of	   GIRK	   current	   induced	   by	  
DAMGO	  before	  and	  after	  inactivation	  of	  a	  fraction	  of	  MOPr	  in	  AtT20-­‐MOPr	  cells	  by	  β-­‐
CNA.	   The	   GIRK	   current	   is	   normalized	   to	   current	   evoked	   by	   1μM	   somatostatin	  
administration.	   B.	   Reciprocal	   plot	   of	   equieffective	   concentrations	   of	   two	   curves	   in	  
figure	  A	  that	  is	  fitted	  to	  a	  linear	  regression.	  [A]	  and	  [A’]	  denote	  agonist	  concentrations	  
before	  and	  after	  fractional	  receptor	  inactivation	  respectively.	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  To	   calculate	   the	   effective	   signalling	   (σlig)	   as	   discussed	   above,	   τ	   values	   should	   be	  
estimated	  by	  fitting	  the	  concentration-­‐response	  curves	  to	  the	  operational	  model.	  The	  
KA	   values	   were	   constrained	   to	   those	   calculated	   from	   inactivation	   model	   and	   were	  
shared	   in	   all	   signalling	   pathways.	   Figures	   4.3	   and	   4.4	   show	   the	   examples	   of	  
concentration-­‐response	   data	   for	   GIRK	   activation,	   β-­‐arr2	   binding,	   Ser375	  
phosphorylation	   and	   internalization	   induced	   by	   four	   drugs	   that	   are	   fitted	   the	  
operational	  model	   using	   the	   KA	   values	   as	   follow:	   DAMGO	   204	   nM,	   Fentanyl	   56	   nM,	  
morphine,	  1110	  nM	  and	  Bialid-­‐C2,	  105	  nM.	  	  
	  
The	  curves	  for	  GIRK	  activation	  completely	  fit	  to	  this	  model	  and	  the	  goodness	  of	  fit	  was	  
more	   than	   0.9	   for	   all	   the	   drugs.	   It	   was	   not	   surprising	   since	   the	   KA	   values	   were	  
determined	   from	  GIRK	   pathway.	   However,	   the	   curves	   of	   other	   pathways	   specifically	  
those,	  which	  are	  further	  from	  GIRK	  activation,	  did	  not	  fit	  properly	  to	  the	  operational	  
model	  and	  therefore	  τ	  values	  could	  not	  be	  calculated.	  These	  results	  demonstrated	  that	  
one	   single	   KA	   value	   cannot	   be	   use	   for	   different	   signalling	   pathways,	   since	   activated	  
receptors	  have	  different	  affinities	  for	  distinct	  signalling	  proteins.	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Figure	  4.4.	  Determination	  of	  bias	  using	  an	  independent	  KA	  value	  in	  operational	  model	  	  
	  
The	   concentration-­‐response	   data	   from	   Chapter	   3	   were	   fitted	   to	   the	   nonlinear	  
operational	  model	   and	   the	   KA	   values	  were	   constrained	   to	   those	  were	   obtained	   from	  
inactivation	   model.	   A,	   B,	   C	   and	   D	   indicated	   the	   relationship	   of	   responses	   of	   GIRK	  
activation,	   β-­‐arr2	   recruitment,	   Ser375	   phosphorylation	  and	   internalization	   respectively	  
to	  increasing	  concentrations	  of	  MOPr	  agonists.	  The	  data	  represent	  the	  mean	  ±	  S.E.M	  of	  
2-­‐4	  independent	  experiments.	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  The	  concentration-­‐response	  curves	  reanalyzed	  and	  this	  time	  KA	  values	  were	  fixed	  with	  
functional	   affinities	   calculated	   from	   kinetics	   data.	   To	   estimate	   the	   KA	   values,	  
dissociation	   rate	  constant	   (koff)	  and	  association	   rate	  constant	   (kon)	  are	   required	  since	  
the	   KA	   equals	  
𝒌𝒐𝒇𝒇𝒌𝒐𝒏 .	   The	   KA	   measured	   from	   phosphorylation	   kinetics	   cannot	   be	   used	  
because	  the	  on-­‐	  and	  off-­‐rate	  experiments	  were	  not	  performed	  at	  the	  same	  conditions	  
(different	   temperatures).	   However,	   the	   KA	   determined	   from	   the	   kinetics	   of	   β-­‐arr2	   is	  
suitable	   to	   be	   used	   in	   this	   case.	   Figure	   4.5	   shows	   the	   examples	   of	   concentration-­‐
response	  curves	  for	  β-­‐arr2	  binding,	  which	  the	  KA	  values	  were	  fixed	  to	  those	  estimated	  
in	  Chapter	  7.	  All	  the	  curves	  were	  completely	  fitted	  to	  the	  sigmoidal	  model,	  suggesting	  
that	   the	   affinity	   of	   agonist	   changes	   when	   the	   receptor	   interacts	   with	   different	  
signalling	  proteins.	  	  
	  
	  
	  
Figure	  4.5.	  Determination	  of	  bias	  using	  functional	  KA	  value	  in	  operational	  model	  
The	   concentration-­‐response	   data	   for	   β-­‐arr2	   binding	   from	   Chapter	   3	   were	   fitted	   the	  
nonlinear	   operational	  model	   and	   the	   KA	   values	  were	   constrained	   to	   those	   calculated	  
from	  kinetic	  data	  (Chapter	  7).	  The	  data	  represent	  the	  mean	  ±	  S.E.M	  of	  3-­‐4	  independent	  
experiments.	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  4.3.	  DISCUSSION	  
Functional	   selectivity	   represents	   an	   attractive	  phenomenon	   that	   can	  be	   exploited	   to	  
develop	   the	   novel	   selective	   ligands	   with	   desired	   therapeutic	   effects	   and	   no	   side	  
effects.	  At	  the	  molecular	   level,	  bias	   is	  associated	  with	  the	  ability	  of	  different	  agonists	  
to	  selectively	  stabilize	  distinct	  conformations	  of	  the	  active	  states	  of	  the	  receptor	  and	  in	  
turn	  results	  in	  activation	  of	  a	  particular	  signalling	  pathways.	  Although,	  many	  analytical	  
approaches	   have	   been	   developed	   in	   the	   recent	   years,	   determination	   and	  
quantification	   of	   ligand	   bias	   is	   not	   always	   straightforward.	   In	   this	   study	   bias	   was	  
measured	   for	   a	   range	   of	   agonists	   by	   using	   three	   different	   approaches,	   while	   the	  
strengths	  and	  weaknesses	  of	  each	  approach	  were	  highlighted.	  	  	  
	  
Bias	  quantification	  was	  performed	  for	  four	  signalling	  pathway	  (GIRK	  activation,	  Ser375	  
phosphorylation,	  β-­‐arr2	  binding	  and	   internalization)	  using	  eight	  different	   ligands	  and	  
all	   the	   data	   were	   obtained	   in	   AtT20-­‐MOPr	   cells.	   As	   discussed	   earlier,	   an	   optimal	  
method	   to	   compare	   agonist	   activities	   between	   different	   pathways	   is	   through	  
transduction	  coefficient	  ratios	  (ΔΔlog	  (τ/KA)).	  	  
	  
The	  results	  demonstrated	  that	  bias	  toward	  GIRK	  activation	  can	  be	  completely	  distinct	  
from	   three	   other	   pathways.	   For	   example,	   the	   effectiveness	   of	   Bilaid-­‐C2	   for	   GIRK	  
activation	  is	  not	  significantly	  different	  relative	  to	  DAMGO	  (Figure	  4.1	  and	  Table	  4.1).	  In	  
contrast,	   the	  effectiveness	  of	  Bilaid-­‐C2	  to	  promote	  Ser375	  phosphorylation	  and	  β-­‐arr2	  
recruitment	   was	   significantly	   lower	   relative	   to	   DAMGO.	   Furthermore,	   Bialaid-­‐C2	   did	  
not	  produce	   internalization	   (Figure	  3.12),	   indicating	   that	   the	  activity	  of	   this	   ligand	   to	  
induce	  endocytosis	  is	  far	  from	  DAMGO.	  However,	  the	  relative	  effectiveness	  for	  Bilaid-­‐
131
	  C2	  for	  internalization	  could	  not	  be	  calculated	  statically	  due	  to	  absence	  of	  the	  response.	  
Bilaid-­‐C2	   was	   the	   only	   agonist	   that	   significantly	   displayed	   bias	   for	   GIRK	   over	   other	  
pathways.	  Morphine	   and	   oxymorphone	   both	  were	   less	   effective	   for	   GIRK	   activation	  
relative	   to	   DAMGO,	   however	   morphine	   did	   not	   show	   bias	   towards	   any	   pathway	  
whereas,	  oxymorphone	  was	  significantly	  biased	   for	  Ser375	  phosphorylation	  over	  GIRK	  
activation.	   It	   should	   be	   noted	   that	   no	   significant	   bias	   was	   determined	   between	  
internalization	   and	   Ser375	   phosphorylation	   or	   β-­‐arr2	   recruitment	   for	   any	   agonist,	  
suggesting	   that	   internalization	   is	   relatively	   linked	   to	   two	   other	   end	   points.	   Fentanyl	  
was	  the	  only	  ligand	  that	  has	  been	  displayed	  bias	  towards	  Ser375	  phosphorylation	  over	  
β-­‐arr2	   recruitment.	   The	   mechanisms	   underlying	   the	   bias	   of	   fentanyl	   towards	  
phosphorylation	   is	   unknown	   but	   it	   can	   be	   possible	   that	   fentanyl	   induces	   multi-­‐site	  
phosphorylation	  that	  results	  in	  greater	  phosphorylation	  at	  Ser375	  residue.	  It	  also	  can	  be	  
explained	   by	   fentanyl	   ability	   to	   recruit	   β-­‐arr1.	   It	   has	   been	   reported	   that	   fentanyl	  
promotes	  both	  arrestins	  (Bohn	  et	  al.,	  2004;	  Groer	  et	  al.,	  2011),	  hence	  in	  the	  case	  that	  
fentanyl-­‐activated	   receptor	   interacts	  more	   efficiently	   with	   β-­‐arr1,	   fentanyl	  might	   be	  
less	  effective	  in	  β-­‐arr2	  activation	  pathway.	  	  
	  
Employing	   an	   agonist	   that	   activates	   one	   signalling	   pathway	   but	   fails	   to	   stimulate	  
another	  pathway	  which	  has	  been	  termed	  as	  ‘perfect	  bias’	  is	  ideal	  to	  interpret	  the	  bias	  
in	  vivo	  (Kenakin	  et	  al.,	  2012a).	  Bilad-­‐C2	  has	  this	  unique	  profile	  and	  can	  be	  classified	  as	  
the	  MOPr	   biased	   agonist.	   Bilaid-­‐C2	   efficiently	   induces	   receptor	   coupling	  with	   the	  G-­‐
proteins	  but	   fails	   to	  promote	   internalization.	  However,	   the	  relative	  effectiveness	  and	  
subsequently	   the	  bias	   factor	   for	   internalization	  were	  not	   determined	   for	   this	   ligand,	  
because	  log	  (τ/KA)	  value	  cannot	  be	  calculated	  in	  the	  absence	  of	  response.	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Since	  the	  transduction	  coefficient	  model	  was	  not	  applicable	  for	  bias	  quantification	  of	  
very	   low	  efficacy	  agonists	   (in	  a	  particular	  pathway),	   the	  concentration-­‐response	  data	  
reanalyzed	   with	   the	   operational	   model	   proposed	   by	   Rajagopal	   et	   al.	   (2011).	   In	   this	  
model	  a	  single	  dissociation	  constant	  for	  a	  given	  agonist	  shares	  across	  all	  the	  pathways,	  
assuming	  that	  an	  agonist	  has	  a	  specific	  affinity	  for	  the	  receptor	  and	  does	  not	  change	  
when	   the	   receptor	   couples	   to	   different	   signalling	   pathways.	   The	   KA	   value	   can	   be	  
determine	   by	   radioligand	   binding	   assay	   or	   receptor	   inactivation	  model	   of	   Furchgott	  
and	  Bursztyn	  (1967)	  (Strange,	  2008).	  	  
	  
The	  concentration-­‐response	  data	  for	  GIRK	  activation	  was	  robustly	  fit	  to	  the	  nonlinear	  
operational	  model,	  however	   it	  was	  not	  possible	   to	   fit	   the	  data	  of	  other	  pathways	   to	  
the	   operational	   model	   (Figure	   4.4).	   The	   results	   strongly	   confirmed	   that	   fixing	   the	  
dissociation	   constants	   to	   an	   independent	   single	   KA	   results	   in	   significant	   error	   in	   bias	  
quantification;	   as	   suggested	   before	   by	   Kenakin	   and	   Christopoulos	   (Kenakin	   et	   al.,	  
2012a).	   Consistent	   with	   this	   statement,	   Rivero	   et	   al.,	   demonstrated	   that	   the	  
concentration-­‐response	  data	  for	  internalization	  pathway	  did	  not	  fit	  to	  the	  operational	  
model	  even	  after	  a	  range	  of	  constraints	  (Rivero	  et	  al.,	  2012).	  In	  that	  study	  the	  KA	  values	  
were	  fixed	  to	  those	  determined	  by	  radioligand	  binding	  assay.	  	  
	  
In	   order	   to	   confirm	   that	   a	   ligand	   has	   different	   affinities	   for	   its	   receptor	   and	   the	  
affinities	   are	   specific	   for	   each	   signalling	   pathway,	   the	   concentration-­‐response	   data	  
fitted	   to	   the	   operational	   method	   while	   the	   KA	   values	   were	   fixed	   to	   the	   functional	  
dissociation	  constants.	  As	  discussed	  earlier,	  the	  functional	  KA	  can	  be	  determined	  from	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  the	  signalling	  kinetics	  by	  using	  koff	  and	  kon	  values.	  Figure	  4.5	  exemplify	  the	  operational	  
fitting	   of	   concentration-­‐response	   curves	   for	   β-­‐arr2	   binding	   when	   the	   KA	   values	   are	  
fixed	   to	   the	   functional	   KA.	   The	   curves	   were	   robustly	   fitted	   the	   operational	   model,	  
confirming	  that	  the	  agonists	  affinity	   for	  receptor	  varies	  with	  respect	   to	  the	  signalling	  
pathway.	  	  
	  
Over	   the	   past	   few	   years,	  many	   studies	   have	   focused	   on	   the	   identification	   of	   biased	  
agonists	   (Whalen	   et	   al.,	   2011)	   and	   subsequently	   several	   approaches	   have	   been	  
proposed	   to	  quantify	   the	  bias	   (Kenakin	   et	   al.,	   2012a).	  However,	   there	   are	   still	   some	  
limitations	   for	   each	   method.	   It	   is	   very	   important	   to	   optimize	   a	   model	   in	   order	   to	  
associate	   the	   bias	   to	   the	   physiological	   responses.	   Therefore,	   study	   on	   ‘perfect	   bias’	  
provides	   a	   valuable	   approach	   to	   predict	   the	   in	   vivo	   outcomes.	   The	   ‘perfect	   bias’	  
agonists	  efficiently	  stimulate	  one	  pathway	  but	  are	  unable	  to	  activate	  another	  pathway.	  
However,	  the	  bias	  for	  such	  agonists	  cannot	  be	  determined	  by	  transduction	  coefficient	  
method,	   since	   this	   approach	   cannot	   be	   used	   for	   very	   low	   efficacy	   agonists.	   On	   the	  
other	   hand,	   using	   the	   method	   with	   a	   single	   shared	   dissociation	   constant	   for	   all	  
signalling	  pathways	  causes	  significant	  error	  in	  bias	  quantification.	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5.	  Characterization	  of	  μ-­‐opioid	  signalling	  Kinetics	  of	  G-­‐protein	  βγ-­‐
subunit	  activated	  GIRK	  current	  in	  AtT20	  cells	  
	  	  	  	  	  
Chapter	  aims:	  
To	  determine	  the	  deactivation	  kinetics	  of	  G	  protein-­‐coupled	  inwardly	  rectifying	  potassium	  
channels	  (GIRK)	  from	  AtT20	  cells	  activated	  by	  a	  range	  of	  MOPr	  agonists.	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5.1.	  INTRODUCTION:	  
Activated	   Gi/o-­‐linked	   μ-­‐opioid	   receptors,	   transduce	   a	   varying	   of	   cellular	   signalling	  
cascades	   including	   activation	   of	   GIRK	   channels,	   blockade	   of	   voltage-­‐dependent	   calcium	  
conductance	  and	   inhibition	  of	  adenylyl	  cyclase.	  Opioid	  receptors	  activate	  GIRK	  channels	  
through	   the	   direct	   binding	   of	   G-­‐protein	   βγ	   dimers	   to	   the	   intracellular	   domain	   of	   the	  
channels	  (Huang	  et	  al.,	  1995;	  Lomazzi	  et	  al.,	  2008;	  Luján	  et	  al.,	  2009).	  	  
	  
Prolonged	  exposure	  of	  saturating	  concentrations	  of	  MOPr	  agonists	  leads	  to	  reduction	  of	  
receptor	  signalling,	  known	  as	  receptor	  desensitization	  that	  possibly	  contributes	  to	  opioid	  
tolerance	   (Williams	   et	   al.,	   2001;	   Zastrow	   et	   al.,	   2003;	   Dang	   et	   al.,	   2012).	   G-­‐protein	  
mediated	   signalling	   and	   in	   turn	   its	   associated	   regulatory	   events	   such	   as	   desensitization	  
and	  trafficking	  and	  tolerance	  are	  greatly	  dynamic.	  It	  therefore	  is	  crucial	  to	  understand	  the	  
kinetics	  of	  these	  regulatory	  pathways	  and	  the	  receptor-­‐agonist	   interaction	  during	  short-­‐
term	  and	  after	  long-­‐term	  agonist	  exposure	  (Banghart	  et	  al.,	  2013;	  Williams,	  2014). 
	  
Electrophysiological	   recording	   from	   isolated	   LC	   neurons	   demonstrated	   that	   the	   time	  
constant	  of	  potassium	  channel	  activation	  was	  approximately	  0.7	  second,	  regardless	  of	  the	  
agonist	   applied.	   However,	   the	   rate	   of	   current	   decay	  was	   agonist-­‐dependent	   and	   could	  
reflect	  the	  dissociation	  rate	  of	  agonist	  from	  the	  receptor	  (Ingram	  et	  al.,	  1997).	  However,	  
recent	   studies	   using	   photolysis	   of	   caged	   opioid	   agonist	   showed	   more	   rapid	   GIRK	  
activation	  with	  time	  constant	  of	  160	  milliseconds	  (Williams,	  2014).	  
	  
Some	   factors	   can	   influence	   the	   kinetics	   of	   GIRK	   deactivation	   including	   naloxone	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association	   rate,	   ligand	   dissociation	   rate,	   G-­‐protein	   βγ	   subunit	   dissociation	   rate	   from	  
channel	  and	  concentration	  of	  agonist	  and	  antagonist.	  A	  novel	  approach	  by	  development	  
of	  a	  photo-­‐activatable	  analog	  of	  naloxone,	  indicated	  that	  the	  rate	  of	  naloxone	  association	  
is	  much	  faster	  than	  the	  rate	  of	  GIRK	  deactivation	  (Banghart	  et	  al.,	  2013)	  suggesting	  that	  
naloxone	   association	   is	   not	   rate-­‐limiting	   step	   for	   channel	   deactivation.	   More	   recent	  
studies	   from	   same	   laboratory	   examined	   the	   MOPr	   agonist	   kinetics	   before	   and	   after	  
receptor	  desensitization	   (Williams,	  2014).	  They	  showed	  a	  significant	   increase	   in	   the	  off-­‐
rate	   of	   potassium	   current,	   induced	   by	   photolysis	   of	   caged	   naloxone,	   after	   receptor	  
desensitization	  in	  the	  LC	  neurons.	  In	  contrast,	  the	  rate	  of	  current	  activation	  produced	  by	  
caged	   agonists	   was	   reduced	   after	   desensitization.	   Moreover,	   the	   number	   of	   receptors	  
regulates	  the	  rate	  of	  potassium	  current	  activation	  but	  has	  no	  effect	  on	  the	  rate	  of	  current	  
decay,	  suggesting	  that	  the	  increased	  off-­‐rate	  after	  desensitization	  was	  directly	  associated	  
with	  a	  reduction	  in	  agonist-­‐dependent	  signalling	  as	  a	  result	  of	  a	  decline	  in	  agonist	  affinity.	  	  
	  
Deactivation	   rate	   constant	   is	   concentration-­‐independent	   and	   it	   should	   remain	   constant	  
over	   different	   concentrations	   of	   agonist.	   For	   optimal	   estimation	   of	   agonist	   intrinsic	  
deactivation	  kinetics,	  rapid	  and	  efficient	  agonist	  unbinding	  from	  receptor	  is	  required.	  This	  
can	   be	   confounded	   during	   slow	   washout	   of	   agonists	   due	   to	   agonist	   rebinding,	  
underestimating	  the	  rate	  of	  dissociation.	  Naloxone	  is	  a	  reversible	  opioid	  antagonist	  that	  
competes	   at	   the	   common	   orthosteric	   binding	   site	   with	   the	   agonist.	   Therefore,	   rapid	  
delivery	   of	   very	   high	   (greater	   than	   saturating)	   concentrations	   of	   naloxone	   to	   ligand-­‐
receptor	   complex	   is	   an	   effective	   approach	   to	   prevent	   agonist	   rebinding	   following	  
dissociation	  to	  reveal	  deactivation	  kinetics.	  However,	  it	  should	  be	  taken	  into	  account	  that	  
agonist	  rebinding	  slows	  the	  rate	  of	  current	  decay	  and	  it	  can	  be	  prevented	  by	  exposure	  of	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submaximal	  concentrations	  of	  agonists	  at	  about	  EC50	  (Banghart	  et	  al.,	  2013).	  	  
	  
Because	   the	   time	   constant	   of	   the	   GIRK	   deactivation	   is	   specific	   for	   each	   agonist,	  
determination	  of	  current	  decay	  could	  be	  account	  for	  the	  particular	  receptor	  conformation	  
and	   associated	   signalling	   pathways.	   Measurement	   of	   signalling	   deactivation	   kinetics	   in	  
tissue	   is	   limited	   by	   slow	   fluid	   diffusion	   in	   slices	   and	   in	   turn	   slow	   clearance	   of	   agonist.	  
However,	  recording	  from	  single	  cultured	  cells	  provides	  the	  advantage	  of	  rapid	  application	  
and	  clearance	  of	  drug.	   In	   this	   study	  potassium	  current	  decline	   rate	  was	  measured	   for	  a	  
range	   of	   opioid	   agonists	   in	   AtT20	   cells	   expressing	  MOPr	   using	   perforated	   patch	   clamp.	  
The	  data	  was	  collected	  and	  analyzed	  by	  Dr	  Arsalan	  Yousuf	  in	  my	  supervisor’s	  laboratory.	  	  
	  
5.2.	  RESULTS:	  
To	  study	  the	  kinetics	  of	  GIRK	  deactivation	  at	  MOPr,	  potassium	  current	  was	  recorded	  from	  
AtT20-­‐MOPr	  cells	  via	  perforated-­‐patch	  technique.	  One	  concentration	  of	  each	  agonist	  was	  
superfused	   to	   a	   single	   cell	   at	   37°C	   and	   current	  was	   continuously	   recorded	  at	   a	   holding	  
potential	   of	   -­‐120	  mV.	   10	   μM	   naloxone	  was	   superfused	   at	   the	   peak	   of	   agonist-­‐induced	  
current	  to	  characterize	  the	  rate	  of	  current	  decay	  over	  a	  range	  of	  MOPr	  agonists.	  	  
	  
5.2.1.	  Determination	  of	  naloxone	  concentration	  for	  GIRK	  current	  decay	  
As	  discussed	  above	  in	  order	  to	  prevent	  agonist	  rebinding	  after	  naloxone	  application,	  the	  
deactivation	   kinetics	   of	   agonists	   were	   examined	   at	   their	   sub-­‐saturating	   (near	   EC50)	  
concentration	   followed	   by	   supramaximal	   concentration	   of	   naloxone.	   However,	  
preliminary	   experiments	   showed	   that	   high	   concentrations	   of	   naloxone	   (above	   30µM)	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directly	  block	  GIRK	  current,	  thus	  influence	  the	  off-­‐rate	  kinetics.	  To	  determine	  the	  optimal	  
naloxone	   concentration	   that	   does	   not	   cause	   any	   effect	   on	   the	   agonist	   intrinsic	   off-­‐rate	  
kinetics,	   different	   concentrations	   of	   naloxone	   were	   applied	   to	   the	   Met-­‐enkephalin-­‐
evoked	   current.	   Figure	   5.1	   shows	   that	   the	   time	   constant	   of	   deactivation	   was	   not	  
significantly	  different	  at	  3	  and	  10	  µM	  naloxone,	  while	   the	  current	  decayed	  slower	  after	  
application	   of	   1	   µM	   naloxone.	   The	   slower	   off-­‐rate	   with	   1	   µM	   naloxone	   likely	   reflects	  
rebinding	   of	   agonist	   due	   to	   competitive	   receptor	   occupancy.	   Since	   the	   Tauoff	  was	   not	  
different	  between	  3	  and	  10	  µM	  naloxone	  and	  also	  to	  avoid	  rebinding	  for	  the	  agonists	  with	  
high	  affinities,	  10	  µM	  naloxone	  was	  used	  for	  the	  GIRK	  deactivation	  experiments.	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Figure	  5.1.	  The	  effect	  of	  naloxone	  on	  GIRK	  current	  decline	  
	  
GIRK	  deactivation	  was	  determined	  by	  different	   concentrations	  of	  naloxone	   from	  current	  
evoked	   by	   100	   nM	  Met-­‐enkephalin.	   Panels	   A,	   B	   and	   C	   represent	   the	   potassium	   current	  
decline	  induced	  by	  1,	  3	  and	  10	  µM	  naloxone	  respectively	  and	  the	  curves	  were	  fitted	  to	  an	  
exponential	  one-­‐phase	  decay	   function.	  The	  k,	   τ	  and	  R2	  values	   represent	  current	  off-­‐rate,	  
tauoff	  and	  goodness	  of	  fit	  respectively	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5.2.2.	  Characterization	  of	  kinetics	  of	  GIRK	  deactivation	  at	  MOPr	  
As	  discussed	  above	   to	  compare	   the	  deactivation	  kinetics	  of	  MOPr	  agonists,	   the	  off-­‐rate	  
was	   determined	   by	   application	   of	   10	   µM	   naloxone	   at	   the	   peak	   of	   current	   induced	   by	  
subsaturating	  concentrations	  of	  agonists.	   Figures	  5.2	  A-­‐G	  show	  the	   representative	  GIRK	  
current	  decay	   traces	   induced	  by	  300	  nM	  endomorphin-­‐2,	   100	  nM	  Met-­‐enkephalin,	   100	  
nM	  DAMGO,	   100	   nM	   fentanyl,	   300	   nM	   oxymorphone,	   300	   nM	  morphine	   and	   300	   nM	  
Bilaid-­‐C2	  respectively.	  The	  koff	  values	  were	  determined	  by	  fitting	  the	  current	  decline	  time	  
plots	   to	   a	   single-­‐phase	   exponential	   decay	   function	   and	   are	   outlined	   in	   table	   5.1.	   Time	  
constants	   (tau)	   of	   current	   decline	   were	   agonist-­‐dependent	   and	   ranged	   from	  
approximately	   2.6	   to	   10	   seconds.	   Endomorphin-­‐2	   exhibited	   the	   slowest	   deactivation	  
kinetics	  with	  tau	  value	  of	  9.85	  second	  while	  Bilaid-­‐C2	  displayed	  very	  fast	  off-­‐rate	  kinetic	  
with	  tau	  equals	  2.6	  second.	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Figure	  5.2.	  Representative	  GIRK	  deactivation	  traces	  induced	  by	  opioid	  agonists	  
Submaximal	  concentrations	  of	  MOPr	  agonists	  were	  applied	  followed	  by	  10	  μM	  naloxone.	  
Traces	  A,B,C,D,E,F,G	  are	  the	  examples	  of	  GIRK	  deactivation	  when	  the	  current	   induced	  by	  
endomorphin-­‐2,	  Met-­‐enkephalin,	  DAMGO,	   fentanyl,	   oxymorphone,	  morphine	  and	  Bilaid-­‐
C2	  respectively.	  The	  current	  decline	  curves	  were	  fitted	  to	  an	  exponential	  one-­‐phase	  decay	  
function.	   The	   K,	   τ	   and	   R2	   values	   represent	   current	   deactivation	   constant,	   tauoff	   and	  
goodness	  of	  fit	  respectively.	  The	  Koff	  values	  are	  outlined	  in	  table	  5.1.	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Ligand	  
	   	  
	  
koff	  
(s-­‐1	  ×	  10-­‐3)	  
	  
Tauoff	  
(s)	  
	  
pKA	  
	  
	  
Endomorphin-­‐2	  
	  
	  
100.2	  ±	  0.3	  
	  
	  
9.85	  
	  
6.56	  ±	  0.23	  
	  
Met-­‐enkephalin	  
	  
	  
215.4	  ±	  0.82	  
	  
	  
4.69	  
	  
	  
8.73	  ±	  0.02	  
	  
DAMGO	  
	  
	  
252.9	  ±	  0.6	  
	  
	  
4.00	  
	  
	  
6.69	  ±	  0.18	  
	  
	  
Fentanyl	  
	  
	  
223.2	  ±	  0.5	  
	  
	  
4.50	  
	  
7.25	  ±	  0.25	  
	  
Morphine	  
	  
	  
330.4	  ±	  1.7	  
	  
3.03	  
	  
	  
5.96	  ±	  0.21	  
	  
Oxymorphone	  
	  
	  
281.8	  ±	  1.0	  
	  
3.5	  
	  
	  
6.4	  ±	  0.17	  
	  
Bilaid-­‐C2	  
	  
	  
383.6	  ±	  1.1	  
	  
	  
2.6	  
	  
7.05	  ±	  0.21	  
	  
	  
	  
	  
Table	   5.1.	   Summary	   of	   GIRK	   deactivation	   rates	   after	   a	   range	   of	   MOPr	   agonists’	  
application	  
	  
To	   determine	   the	   koff,	   GIRK	   current	   decline	   curves	   were	   fitted	   to	   a	   single-­‐phase	  
exponential	  decay	  function.	  The	  KA	  values	  are	  obtained	  from	  the	  concentration-­‐response	  
data	   in	   Chapter	   3	   using	   receptor	   depletion	  model.	   Each	   data	   is	   the	   average	   of	   current	  
decline	  from	  3-­‐5	  cells.	  The	  koff	  and	  Kd	  Values	  are	  represented	  as	  mean	  ±	  S.E.M.	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5.3.	  DISCUSSION	  
The	  deactivation	  kinetic	  of	  potassium	  conductance	  was	  investigated	  for	  a	  range	  of	  MOPr	  
agonists	   by	   recording	   from	   GIRK	   channels	   in	   AtT20-­‐MOPr	   cells.	   Rapid	   application	   of	  
naloxone	  followed	  by	  a	  constant	  latency	  of	  0.5	  second	  at	  the	  steady	  state	  of	  the	  current,	  
provide	  an	  accurate	  measurement	  of	  current	  decline.	  Comparison	  of	  the	  off-­‐rate	  kinetics	  
demonstrated	  that	  deactivation	  rates	  are	  agonist-­‐dependent	  and	  the	  time	  constant	  was	  
varied	  in	  a	  range	  of	  2.5	  to	  10	  seconds,	  where	  the	  rank	  order	  of	  koff	  was	  endomorphin-­‐2	  >	  
Met-­‐enkephalin	  >	   fentanyl	  >	  DAMGO	  >	  oxymorphone	  >	  morphine	  >	  Bilaid-­‐C2	   (One-­‐way	  
ANOVA	  followed	  by	  Bonferroni	  post-­‐test).	  	  
	  
It	   has	   been	   established	   that	   naloxone	   is	   a	   competitive	   antagonist	   at	  MOPr.	   Therefore,	  
according	  to	  the	  simple	   ligand-­‐receptor	   interaction	  model	   that	  each	  functional	   receptor	  
has	  a	  single	  orthosteric	  binding	  site,	  naloxone	  binding	  requires	  agonist	  dissociation	  from	  
the	  receptor.	  The	  time	  constant	  of	  naloxone	  binding	  is	  less	  than	  1	  second	  as	  determined	  
in	  both	  acutely	  isolated	  LC	  neurons	  (Ingram	  et	  al.,	  1997)	  and	  LC	  neurones	  using	  a	  photo-­‐
activatable	  analog	  of	  naloxone	  which	  in	  this	  case	  was	  also	  faster,	  about	  300	  milliseconds	  
(Banghart	  et	  al.,	  2013).	  Hence,	  deactivation	  rates	  for	  agonists	  with	  decay	  rates	  faster	  than	  
1	   second	   can	   be	   relatively	   influenced	   by	   naloxone	   binding.	   However,	   the	   deactivation	  
rates	   for	   all	   the	   agonist	   determined	   in	   this	   study	   were	   slower	   than	   this	   limiting	   rate,	  
suggesting	  that	  the	  kinetic	  data	  reflects	  agonist	  dissociation.	  	  
	  
Previous	   studies	   have	   been	   suggested	   that	   the	   duration	   of	   response	   is	   correlated	  with	  
agonist	   affinity.	   For	   example	   high	   affinity	   agonist,	   etorphine	   has	   the	   slower	   off-­‐rate	  
kinetic	  than	  DAMGO	  that	  has	  lower	  affinity	  for	  MOPr	  (Ingram	  et	  al.,	  1997;	  Banghart	  et	  al.,	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2013).	  However,	  our	  results	  demonstrated	  that	  the	  off-­‐rate	  kinetics	  do	  not	  always	  reflect	  
the	   agonist	   affinity.	   Bilaid-­‐C2	   has	   an	   affinity	   for	   MOPr	   of	   90	   nM	   as	   determined	   by	  
fractional	  receptor	  deactivation	  (Chapter	  4)	  while	  the	  affinity	  of	  endomorphin-­‐2	  for	  MOPr	  
is	   270	  nM.	   In	   contrast	  with	  previous	   studies,	  high	  affinity	   agonist,	  Bilaid-­‐C2	  displayed	  a	  
very	  fast	  current	  decline	  with	  time	  constant	  of	  2.6	  second.	  Whereas	  endomrphin-­‐2	  with	  
lower	  affinity	  has	  the	  slowest	  deactivation	  rate	  compared	  to	  other	  agonists	  in	  the	  current	  
study.	  	  
	  
The	  agonist	  affinity	   is	  a	   factor	  of	  both	  association	  and	  dissociation	  kinetics.	   It	  has	  been	  
reported	   that	   the	   rate	   of	   current	   activation	   evoked	   by	   MOPr	   agonists	   in	   isolated	   LC	  
neurones	   was	   agonist-­‐independent	   with	   a	   time	   constant	   of	   approximately	   700	  
milliseconds	   (Ingram	   et	   al.,	   1997).	  More	   recent	   study	   using	   a	   photolysis	   caged	   opioid	  
agonist	   showed	   more	   rapid	   GIRK	   activation	   with	   time	   constant	   of	   160	   milliseconds	  
(Williams,	   2014).	   Therefore	   estimation	   of	   on-­‐rate	   kinetic	   for	   GIRK	   activation	   cannot	   be	  
accurately	  quantified	  with	   the	  method	  used	  here.	   In	   addition,	  determination	  of	  on-­‐rate	  
kinetics	  for	  partial	  agonists	  might	  be	  problematic	  due	  to	  the	  experimental	  conditions.	  In	  
the	  acutely	   isolated	  neurones	  the	  number	  of	  receptors	  reduces	  dramatically	  that	  partial	  
agonists	  with	   low	  receptor	   reserve	  might	  be	   ineffective	   in	  such	  neurones.	   	  For	  example	  
morphine	   that	   can	   efficiently	   activates	   GIRK	   current	   in	   LC	   neurones,	   behaved	   as	   an	  
antagonist	   in	   isolated	   LC	   neurones	   that	   could	   block	   the	   current	   evoked	   by	   efficacious	  
agonists	  (Ingram	  et	  al.,	  1997).	  These	  observations	  were	  consistent	  with	  the	  recent	  studies	  
indicated	   that	   the	   rate	   of	   potassium	   current	   activation	   at	   MOPr	   in	   LC	   neurones	   is	  
dependent	   on	   the	   number	   of	   the	   receptors;	   the	   fractional	   receptor	   inactivation	   by	   an	  
irreversible	  antagonist	  reduced	  the	  rate	  of	  activation	  current	  while	  had	  no	  effect	  on	  the	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rate	  of	  current	  decline	  (Williams,	  2014).	  On	  the	  other	  hand,	  the	  current	  induced	  by	  MOPr	  
agonists	  occur	  quite	  rapid	  and	  it	  reaches	  to	  the	  peak	  in	  less	  than	  1	  second	  that	  make	  the	  
on-­‐rate	   quantification	   as	   a	   challenge;	   the	   temporal	   limitations	   can	   be	   overcome	   by	  
reducing	  the	  temperature	  in	  order	  to	  decelerate	  the	  signalling	  processes.	  	  
	  
Electrophysiological	   recording	   from	   GIRK	   channels	   and	   imaging	   from	   GFP-­‐tagged	   Gα	  
subunit	   in	   cerebellar	   granule	   neurons	   indicated	   that	   immobilization	   of	   MOpr	   had	   no	  
effect	   on	   the	   on-­‐rate	   kinetics	   and	   sensitivity	   of	   potassium	   current,	   while	   reduced	   the	  
mobility	   of	   G-­‐proteins.	   These	   observations	   suggested	   that	   G-­‐proteins	   and	   MOPr	   are	  
transiently	  pre-­‐coupled	  and	  the	  G-­‐protein	  activation	  rate	   is	  not	  associated	  with	  collision	  
frequency	   (Lober	   et	   al.,	   2006).	   There	   are	   increasing	   evidences	   suggesting	   that	   pre-­‐
coupled	  GPCRs	  to	  G-­‐proteins	  can	  contribute	  to	  more	  rapid	  signalling	  compared	  to	  those	  
are	  not	  pre-­‐associated	  with	  G-­‐proteins	  (Philip	  et	  al.,	  2007;	  Lohse	  et	  al.,	  2008;	  Vilardaga,	  
2010).	   However	   it	   is	   not	   yet	   known	   if	   different	   states	   of	  MOPr	   in	   association	   with	   G-­‐
proteins	  can	  be	  activated	  in	  an	  agonist-­‐dependent	  manner.	  	  
	  
In	  summary	  the	  results	  of	  the	  present	  study	  suggest	  that	  off-­‐rate	  kinetics	  for	  GIRK	  current	  
is	  agonist-­‐dependent	  and	  the	  discrepancy	  of	  agonists’	  kinetics	  reflects	  the	  agonist	  ability	  
to	   produce	   internalization.	   Slowly	   dissociating	   agonists	   such	   as	   endomorphin-­‐2	   have	  
greater	   efficacy	   for	   endocytosis	   pathway,	   whereas	   fast-­‐dissociating	   agonists	   such	   as	  
Bilaid-­‐C2	   displayed	   very	   low	   efficacy	   for	   internalization;	   therefore	   duration	   of	   receptor	  
occupancy	  defines	  which	  agonist	  have	  greater	  potency	  for	  endocytosis. 
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6.	  Characterization	  of	  μ-­‐opioid	  receptor	  phosphorylation	  at	  the	  
Ser375	  residue	  
	  	  	  
Chapter	  aims:	  
To	  determine	  the	  rate	  of	  MOPr	  phosphorylation	  and	  dephosphorylation	  at	  Ser375	  site	  
using	  a	  range	  of	  opioid	  agonists	  in	  AtT20	  cells	  stably	  expressing	  MOPr.	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6.1.	  INTRODUCTION	  
It	  is	  widely	  accepted	  that	  phosphorylation	  of	  intracellular	  regions	  of	  MOPr	  particularly	  
at	   the	  C-­‐terminal	  could	  contribute	  to	  receptor	  desensitization	   (Williams	  et	  al.,	  2013).	  
Phosphorylation	  may	  regulate	  both	  short-­‐term	  and	  long-­‐term	  tolerance.	  For	  instance,	  
Ser375A	  mutant	  knock-­‐in	  mice	  showed	  a	  greater	  antinociceptive	  response	  to	  morphine	  
and	   fentanyl	   compared	   to	   the	   wild-­‐type	  mice.	  Moreover,	   development	   of	   analgesic	  
tolerance	   to	  DAMGO	  and	  etonitazene	  but	  not	  morphine	  was	   significantly	   reduced	   in	  
the	  Ser375A	  mutant	  knock-­‐in	  mice	  (Grecksch	  et	  al.,	  2011).	  	  
	  
Approximately	   20	   sites	   on	   various	   Serine,	   Threonine	   and	   Tyrosine	   residues	   of	  MOPr	  
have	   been	   identified	   that	   may	   be	   phosphorylated	   in	   an	   agonist-­‐selective	   manner	  
(Chavkin	   et	   al.,	   2001;	   Koch	   et	   al.,	   2008).	   El	   Kouhen	   et	   al.,	   (El	   Kouhen	   et	   al.,	   2001)	  
showed	  that	  mutation	  of	  all	  serines	  and	  threonines	  sites	  from	  Ser363	  -­‐	  Thr376	  region	  to	  
alanine	  widely	  diminished	  pan-­‐phosphorylation	  induced	  by	  DAMGO,	  where	  a	  mutation	  
of	  Ser375	  played	  the	  most	   important	  role.	  They	  also	  reported	  that	  the	  Ser375	  mutation	  
significantly	  reduced	  the	  extent	  and	  rate	  of	  DAMGO-­‐induced	  internalization.	  Ser375	  is	  a	  
key	   residue	   for	   βarr-­‐2	   recruitment	   (Schulz	   et	   al.,	   2004).	   A	   site-­‐directed	  mutagenesis	  
study	  by	  Lau	  et	  al.,	  (Lau	  et	  al.,	  2011)	  established	  that	  the	  375STANT379	  motif	  is	  essential	  
for	   efficient	   endocytosis	   and	   recruitment	   of	   βarr-­‐2	   to	   phosphorylated	   receptor.	  
DAMGO	  and	  morphine	   induced	   Ser375	   phosphorylation	  with	   a	  different	   strength	   and	  
dynamics.	   DAMGO	   stimulates	   robust	   and	   rapid	   Ser375	   phosphorylation	   within	   20	  
seconds,	  while	  morphine-­‐induced	  Ser375	  phosphorylation	  was	  weak	  and	  detected	  after	  
2	  min	  and	  steadily	  increased	  over	  30	  min.	  It	  has	  also	  been	  suggested	  that	  Ser375	  is	  the	  
primary	  residue	  in	  C-­‐terminal	  that	  undergoes	  phosphorylation	  (Doll	  et	  al.,	  2011).	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Opioid	  agonists	  have	  different	  abilities	  to	  produce	  Ser375	  phosphorylation.	  Studies	  on	  a	  
range	   of	   opioid	   ligands	   demonstrated	   a	   strong	   correlation	   of	   Ser375	   phosphorylation	  
with	   βarr-­‐2	   binding	   and	   endocytosis.	   However	   the	   relationship	   between	   G-­‐protein	  
activation	   and	   Ser375	   phosphorylation	   was	   not	   robust	   for	   all	   agonists.	   For	   example,	  
endomorphins	   with	   an	   intermediate	   intrinsic	   efficacy	   for	   G-­‐protein	   activation,	  
profoundly	   stimulate	   phosphorylation	   and	   have	   a	   strong	   bias	   towards	   arrestin	  
signalling	  (McPherson	  et	  al.,	  2010).	  	  	  
	  
Earlier	   studies	   suggested	   that	  mechanisms	   underlying	   phosphorylation	   of	   the	  MOPr	  
produced	  by	  DAMGO	  and	  morphine	  are	  different.	  Using	  siRNA	  to	  knockdown	  GRKs	  in	  
HEK-­‐293	  cells	  has	  been	  shown	  that	  DAMGO-­‐induced	  Ser375	  and	  Thr370	  phosphorylation	  
is	   mediated	   by	   GRK2	   and	   GRK3,	   while	   morphine-­‐driven	   phosphorylation	   at	   Ser375	  
residue	  selectively	  catalysed	  by	  GRK5	  (Doll	  et	  al.,	  2012).	  
	  	  
Some	   studies	   have	   suggested	   that	   failure	   of	   agonists	   like	   morphine	   to	   induce	  
internalization	   promotes	   tolerance.	   Schulz	   et	   al.	   (Schulz	   et	   al.,	   2004)	   proposed	   that	  
internalization	  is	  required	  for	  resensitization	  and	  tolerance	  to	  agonists	  like	  morphine	  -­‐	  
that	   produce	   little	   endocytosis	   -­‐	   is	   greater	   than	   internalizing	   agonists	   like	   DAMGO.	  
They	  suggested	  that	  dephosphorylation	  and	  recovery	  from	  desensitization	  occurred	  in	  
recycling	   pathway.	   Therefore	   after	   non-­‐internalizing	   agonist	   exposure,	   inactivated	  
receptors	  accumulate	  at	  cell	  surface	  and	  are	  not	  able	  to	  enter	  the	  recycling	  pathway.	  
However,	  recent	  evidence	  suggests	  that	  recovery	  from	  desensitization	  can	  effectively	  
occur	  at	  the	  cell	  surface	  regardless	  of	  the	  agonist	  profile	  in	  terms	  of	  internalization.	  It	  
has	  been	   shown	   that	   recovery	   from	  desensitization	  and	  dephosphorylation	  does	  not	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change	  after	  endocytosis	  blockade	  by	  concanavalin	  A	  (Arttamangkul	  et	  al.,	  2006;	  Doll	  
et	  al.,	  2011).	  
	  
Schulz	  et	  al.	  (Schulz	  et	  al.,	  2004)	  examined	  	  the	  time	  course	  of	  Ser375	  phosphorylation	  
during	   the	   exposure	   to	   DAMGO	   and	  morphine	   and	   also	   after	   removal	   of	   the	   drugs.	  
DAMGO	   produced	   a	   robust	   Ser375	   phosphorylation	   in	   less	   than	   2	   minutes	   and	  
desensitized	  receptors	  were	  dephosphorylated	  within	  60	  min	  after	  washing	  the	  drug.	  
In	   contrast,	   morphine-­‐induced	   phosphorylation	   occurred	   after	   5	   min	   and	   receptors	  
remained	   in	   the	   phosphorylated	   state	   for	   at	   least	   6	   hours.	   However	   recent	   studies	  
illustrated	  that	  DAMGO-­‐	  and	  morphine-­‐Ser375	  dephosphorylation	   is	  more	  rapid	  when	  
using	  an	  acid	  or	  naloxone	  washout	   in	  comparison	  to	  PBS	  washout	   (Doll	  et	  al.,	  2011).	  
This	   strongly	   suggests	   that	   the	   results	   of	   Schulz	   et	   al.	   (2004)	   were	   erroneous	   and	  
confounded	  by	  failure	  to	  wash	  morphine	  from	  the	  experimental	  system.	  
	  
Determination	  of	  signalling	  kinetics	  is	  important	  to	  discover	  the	  molecular	  mechanisms	  
of	   G-­‐protein	   mediated	   signalling.	   Although	   previous	   studies	   showed	   a	   strong	  
correlation	   between	   phosphorylation	   and	   internalization,	   the	   relationship	   of	  
endocytosis	  and	  kinetics	  of	  phosphorylation	  has	  not	  been	  clearly	  resolved.	  In	  this	  study	  
the	  kinetics	  of	  Ser375	  phosphorylation	  and	  dephosphorylation	  has	  been	  examined	  for	  a	  
range	  of	  compounds	  from	  non-­‐internalizing	  to	  strongly	  internalizing	  agonists	  in	  AtT20	  
cells	  stably	  transfected	  with	  MOPr	  using	  anti	  Ser375	  phospho-­‐site	  antibody.	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6.2.	  RESULTS:	  	  
6.2.1	   Determination	   of	   Ser375	   phosphorylation	   on-­‐rate	   induced	   by	   different	   MOPr	  
agonists	  
Ser375	  phosphorylation	  was	  quantified	   in	  AtT20	  cells	  stably	  expressing	  MOPr	  using	  an	  
anti-­‐phospho-­‐	   Ser375	  antibody.	   The	   initial	   experiments	   showed	   that	   the	   rate	  of	   Ser375	  
phosphorylation	  at	  37°C	  is	  very	  fast	  and	  phosphorylation	  reaches	  a	  saturated	  level	   in	  
less	   than	   1	  min.	   Therefore	   determination	   of	   Ser375	   phosphorylation	   on-­‐rate	   at	   37oC	  
was	  not	  feasible.	  In	  order	  to	  slow	  down	  the	  phosphorylation	  rate	  and	  estimate	  the	  on	  
rate,	  the	  phosphorylation	  experiments	  were	  performed	  at	  room	  temperature.	  	  
	  
For	  all	  the	  agonists	  that	  have	  been	  selected	  in	  this	  project,	  Ser375	  phosphorylation	  was	  
completely	  saturated	  within	  a	  maximum	  of	  5	  min	  at	  room	  temperature.	  Some	  of	  these	  
ligands	   strongly	   produced	   internalization.	   In	   order	   to	   understand	   wether	  
internalization	   interferes	   with	   phosphorylation	   quantification	   during	   this	   period,	  
internalization	  was	  blocked	  using	  concanavalin	  A	  (Con	  A).	  
	  
AtT20-­‐MOPr	  cells	  were	  pre-­‐incubated	  with	  500	  μM	  Con	  A	  for	  45	  min	  at	  37°C	  and	  then	  
incubated	  with	  10	  μM	  DAMGO	  for	  30	  min	  at	  room	  temperature	  or	  37°C.	  Figure	  6.1.A,	  
demonstrates	   that	   Con	   A	   completely	   blocks	   internalization	   after	   30	   min	   at	   room	  
temperature	   (p<0.0001	   using	   two-­‐way	   ANOVA	   with	   Bonferrini’s	   post-­‐test).	   	   Con	   A	  
significantly,	   but	   not	   completely	   reduced	   DAMGO-­‐induced	   internalization	   at	   37°C	  
(p<0.0001).	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As	  all	  the	  on-­‐rate	  phosphorylation	  experiments	  were	  performed	  at	  room	  temperature,	  
the	  rate	  and	  extent	  of	  phosphorylation	  was	  compared	  before	  and	  after	  internalization	  
occlusion	  at	  room	  temperature	  upon	  10	  min.	   	  No	  significant	  difference	  (P>0.05	  using	  
two-­‐way	  ANOVA	  with	  Bonferroni’s	  post-­‐test)	  was	  observed	   in	   the	   rate	  and	  extent	  of	  
Ser375	  phosphorylation	   induced	  by	  30	  μM	  Met-­‐enkephalin	   for	  Con	  A	  pre-­‐treated	  and	  
untreated	  cells.	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Figure	  6.1.	  Effect	  of	  Concanavalin	  A	  (Con	  A)	  on	  blocking	  of	  internalization	  and	  Ser375	  
phosphorylation	  
	  
A.	   AtT20-­‐MOPr	   cells	   were	   pre-­‐incubated	   with	   Con	   A	   for	   45	   min	   following	   a	   30	   min	  
DAMGO	  (10	  μM)	   incubation	  at	  37°C	  or	   room	  temperature	   (22°C).	   Internalization	  was	  
quantified	  as	  a	  ratio	  of	  internalized	  receptor	  over	  total	  receptors.	  B,	  shows	  time	  plots	  of	  
Ser375	   phosphorylation	   induced	   by	   30	   μM	   Met-­‐enkephalin	   in	   the	   Con	   A	   treated	   or	  
untreated	  AtT20-­‐MOPr	  cells.	  Each	  point	  represents	  10-­‐20	  cells.	  Data	  of	  panel	  A	  and	  B	  
were	  analysed	  using	  two-­‐way	  ANOVA	  followed	  by	  Bonferrini’s	  post-­‐test	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In	  order	  to	  calculate	  kon	   for	  agonist-­‐induced	  phosphorylation,	   	   time	  plots	  of	  different	  
concentrations	   of	   agonists	   were	   fitted	   to	   an	   one-­‐phase	   exponential	   association	  
function.	  As	  described	  in	  methods	  chapter,	  kobs	  	  values	  were	  generated	  from	  different	  
concentrations	   of	   each	   drug.	   kobs	   	   values	   were	   plotted	   versus	   corresponding	  
concentrations	  and	  linearly	  fit,	  where	  the	  slope	  equals	  kon	  for	  each	  agonist	  and	  the	  koff	  
is	  the	  Y	  intercept.	  Figure	  6.2	  showing	  the	  on-­‐rate	  of	  Ser375	  phosphorylation	  induced	  by	  
Met-­‐enkephalin,	   endomorphin-­‐2,	   DAMGO,	   morphine	   and	   Bilaid-­‐C2.	   Figure	   6.3	  
summarized	  the	  phosphorylation	  kon	  for	  different	  agonists.	  The	  greatest	  kon	  value	  was	  
observed	   in	   endomorphin-­‐2	   treated	   cells	   and	   the	   least	   was	   seen	   in	   Bilaid-­‐C2	   and	  
morphine	  treated	  cells.	  The	  kon	  and	  the	  koff	  values	  are	  outlined	  in	  Table	  6.1.	   It	  should	  
be	   noted	   that	   the	   koff	   values	   calculated	   from	   the	   linear	   fit	   is	   not	   very	   accurate.	  
Therefore	  koff	  values	  were	  quantified	  from	  the	  agonist	  unbinding.	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Figure	  6.2.	  On-­‐rate	  kinetic	  of	  Ser375	  phosphorylation	  induced	  by	  MOPr	  ligands	  	  
	  
A,	  B,	  C,	  D,	  E	  showing	  the	  time	  plots	  of	  Ser375	  phosphorylation	  produced	  by	  3	  different	  
concentrations	   (maximal	   and	   submaximal)	   of	   Met-­‐enkephalin,	   endomorphin-­‐2,	  
DAMGO,	  morphine	   and	   Bilaid-­‐C2	   respectively.	   Apparent	   association	   rates	   (kobs)	  were	  
calculated	   by	   fitting	   the	   curves	   to	   a	   single	   exponential	   association	   function.	   Right	  
panels	   show	   the	   linear	   fit	   of	   kobs	   values	   (determined	   from	   left	   panels)	   versus	  
corresponding	  concentrations.	  The	  slope	  of	  each	  linear	  fit	  is	  the	  kon	  for	  indicated	  drug.	  
Each	   point	   represents	   20-­‐40	   cells	   and	   the	   phosphorylation	   values	   normalized	   to	   the	  
maximal	  fluorescence	  amount	  produced	  by	  highest	  concentration	  of	  each	  drug.	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Figure	  6.3.	  Summary	  of	  Ser375	  phosphorylation	  on-­‐rate	  kinetic	  induced	  by	  a	  range	  of	  
internalizing	  and	  non-­‐internalizing	  MOPr	  agonists	  	  
	  
Apparent	  association	   rates	  were	   linearly	   fitted	   to	   calculate	   kon.	  According	   to	   the	   first	  
order	   binding	   kinetics,	   kon	   is	   concentration-­‐dependent.	   kon	   is	   the	   slope	   of	   the	   line	   for	  
indicated	   drug.	   The	   rank	   order	   for	   association	   rate	   was	   endomorphin-­‐2>	   DAMGO>	  
Met-­‐enkephalin>	  morphine>	  Bilaid-­‐C2.	  kon	  values	  are	  outlined	  in	  Table	  6.1.	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6.2.2.	  Ser375	  dephosphorylation	  rate	  induced	  by	  MOPr	  agonists	  	  
Immunohistochemisry	   was	   employed	   to	   examine	   Ser375	   dephosphorylation	   in	   AtT20	  
cells	   stably	   expressing	   MOPr	   using	   an	   anti-­‐phospho	   Ser375	   antibody.	   As	   discussed	  
earlier,	  rapid	  agonist	  removal	  is	  very	  important	  for	  accurate	  deactivation	  kinetics.	  For	  
this	  purpose,	  dephosphorylation	  was	  examined	  under	  different	  conditions.	  	  
	  
6.2.2.1.	   DAMGO-­‐	   but	   not	   morphine-­‐activated	   receptor	   dephosphorylation	   is	  
temperature-­‐dependent	  
To	   determine	   the	   effect	   of	   temperature	   on	   the	   rate	   of	   dephosphorylation,	   mouse	  
pituitary	  AtT20-­‐MOPr	  cells	  were	  incubated	  with	  saturating	  concentrations	  of	  DAMGO	  
and	  morphine	  for	  10	  min	  at	  37°C.	  Cells	  were	  then	  washed	  with	  room	  temperature	  PBS	  
(22-­‐23°C)	  or	  physiological	  temperature	  PBS	  (35-­‐37°C)	  and	  incubated	  in	  the	  absence	  of	  
the	  agonist	  for	  0,	  1,	  2,	  3,	  5	  or	  10	  min	  at	  the	  same	  temperature.	  As	  shown	  in	  Figure	  6.4,	  
dephosphorylation	   of	   DAMGO-­‐desensitized	   receptors	   was	   temperature	   dependent.	  
Twenty	  percent	  of	  the	  receptors	  remained	  in	  the	  Ser375-­‐phosphorylation	  state	  after	  10	  
min	  at	   room	  temperature,	  while	   receptors	   largely	  dephosphorylated	  within	  5	  min	  at	  
37°C.	   In	   contrast,	   morphine-­‐activated	   receptors	   were	   dephosphorylated	   in	   a	  
temperature	   independent	   manner.	   Under	   both	   conditions	   Ser375	   residue	   remained	  
phosphorylated	  at	  least	  for	  10	  min	  in	  morphine	  treated	  cells.	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Figure	  6.4.	  	  Effect	  of	  temperature	  on	  recovery	  from	  Ser375	  phosphorylation	  
	  
Time	   course	   of	   Ser375	   dephosphorylation	   in	   AtT20	   cells	   after	   10	   min	   DAMGO	   and	  
morphine	  incubation.	  AtT20-­‐MOPr	  were	  exposed	  to	  10	  μM	  DAMGO	  or	  30	  μM	  morphine	  
for	  10	  min	  at	  37°C.	  Cells	  were	  washed	  three	  times	  with	  either	  room	  temperature	  (RT)	  
PBS	  or	  37°C	  PBS	  following	  incubation	  in	  the	  absence	  of	  the	  agonists	  for	  0,	  1,	  2,	  3,	  5	  and	  
10	   min.	   Solid	   lines	   represent	   37°C	   and	   dashed	   lines	   represent	   RT.	   A	   significant	  
difference	  was	  observed	   in	  DAMGO-­‐induced	  phosphorylation	  off-­‐rate	  (P<0.0001	  using	  
two-­‐way	  ANOVA	  with	  Bonferroni’s	  post-­‐test),	  while	  no	  significant	  change	  was	  seen	  for	  
rate	  of	  dephosphorylation	  in	  morphine	  treated	  cells	  between	  two	  temperatures.	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6.2.2.2.	  The	  rate	  of	  Ser375	  dephosphorylation	  was	  increased	  by	  using	  naloxone	  
It	  has	  been	  shown	  that	  naloxone-­‐wash	  facilitates	  agonist	  dissociation	  from	  the	  MOPr	  
(Doll	  et	  al.,	  2011;	  Williams,	  2014).	  Naloxone	  is	  an	  orthosteric,	  competitive	  antagonist	  
that	   blocks	   the	   access	  of	   the	   agonist	   to	   the	   receptor	  by	   interfering	  with	   the	   agonist	  
binding	   site.	   Since	   the	   agonist	   and	   antagonist	   compete	   for	   a	   common	   binding	   site,	  
their	   relative	   affinity	   and	   concentrations	   specify	   which	   molecule	   occupies	   the	   site	  
(Williams,	   2014).	   To	   determine	   opioid	   deactivation	   kinetics,	   a	   high	   concentration	   of	  
competitive	   antagonist	   (naloxone)	   is	   required	   to	   rapidly	  be	  delivered	   to	   the	  agonist-­‐
receptor	  complex	  (Banghart	  et	  al.,	  2013).	  As	  illustrated	  in	  Figure	  6.4,	  at	  37°C,	  the	  rate	  
of	   dephosphorylation	   in	   morphine	   treated	   cells	   was	   much	   slower	   compared	   to	  
DAMGO	   treated	   cells.	   Therefore	  morphine-­‐activated	   cells	  were	   selected	   to	   compare	  
the	   rate	   of	   dephosphorylation	   after	   naloxone-­‐	   or	   PBS-­‐wash.	   AtT20-­‐MOPr	   cells	   were	  
exposed	  to	  30	  μM	  morphine	  for	  10	  min	  at	  37°C.	  Cells	  were	  washed	  three	  times	  with	  30	  
μM	  naloxone	  and	  incubated	  in	  the	  absence	  of	  the	  agonist	  for	  0,	  1,	  3,	  5,	  15,	  30	  min.	  As	  
shown	   in	   the	   Figure	   6.5,	   naloxone	   wash	   significantly	   facilitated	   the	   Ser375	  
dephosphorylation	   rate	   in	   morphine	   treated	   cells	   (P	   value	   <	   0.0001	   using	   Two-­‐way	  
ANOVA	   analysis).	   After	   naloxone-­‐wash,	   receptors	   recovered	   from	   phosphorylation	  
within	  5	  min.	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Figure	  6.5.	   Effect	  of	  naloxone	  on	   the	   rate	  of	   Ser375	  dephosphorylation	   in	  morphine-­‐
treated	  AtT20-­‐MOPr	  cells	  
	  
AtT20-­‐MOPr	  cells	  were	  exposed	  to	  30	  μM	  morphine	  for	  10	  min	  at	  37°C.	  Morphine	  was	  
unbounded	  from	  MOPr	  by	  washing	  three	  times	  with	  PBS	  or	  30	  μM	  naloxone.	  Cells	  were	  
incubated	   for	   0,	   1,	   3,	   5,	   15	   and	   30	   min	   after	   morphine	   removal	   at	   37°C.	   Red	   line	  
represents	   the	   naloxone-­‐wash	   and	   blue	   line	   represents	   the	   PBS-­‐wash.	   Rate	   of	  
dephosphorylation	  was	   significantly	   faster	   in	   naloxone	  washout	   group	   comparing	   to	  
PBS	  wash	   out	   (P	   <	   0.0001	   two-­‐way	   ANOVA	   using	   Bonferroni’s	   post-­‐test).	   Each	   point	  
represents	  the	  mean	  ±	  SEM	  of	  total	  fluorescence	  from	  7-­‐13	  cells.	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6.2.2.3.	  Characterization	  of	  Ser375	  phosphorylation	  off-­‐rate	  induced	  by	  MOPr	  agonists	  
Ser375	   phosphorylation	   off-­‐rate	  was	   determined	   using	   submaximal	   concentrations	   of	  
agonists,	  that	  produced	  a	  sufficiently	  large	  signal	  for	  reliable	  analysis	  and	  to	  optimise	  
the	   competitive	   receptor	   occupancy	   between	   agonist	   and	   antagonist,	   high	  
concentration	  of	  naloxone,	  30	  μM	  was	  used.	  
	  
In	   order	   to	   estimate	   the	   agonist-­‐induced	  phosphorylation	  off-­‐rate,	  AtT20-­‐MOPr	   cells	  
were	  treated	  with	  submaximal	  concentrations	  of	  MOPr	  agonists	   for	  5	  min	  at	  37°C	  as	  
follows:	  0.1	  μM	  fentanyl,	  1	  μM	  endomorphin-­‐2,	  1	  μM	  Met-­‐enkephalin,	  1	  μM	  DAMGO,	  
3μM	   methadone,	   3μM	   morphine,	   3	   μM	   oxycodone,	   3	   μM	   oxymorphone	   and	   3μM	  
Bilaid-­‐C2.	  Then	  cells	  were	  quickly	  washed	  with	  30	  μM	  naloxone	  in	  serum-­‐free	  DMEM	  
and	  incubated	  for	  indicated	  time.	  koff	  was	  determined	  by	  fitting	  the	  dephosphorylation	  
curves	   to	   a	   single-­‐phase	   exponential	   decay	   function.	   The	   koff	   values	   are	   outlined	   in	  
Table	   6.1.	   After	   removal	   of	   the	   drugs,	  most	   of	   the	   receptors	   recovered	   from	   Ser375	  
phosphorylation	  state	   in	  10	  min.	  As	  demonstrated	   in	  Figure	  6.6,	   the	  rate	  of	  recovery	  
for	   non-­‐internalizing	   agonists	   is	   faster	   than	   internalizing	   agonists.	   These	   results	   also	  
indicate	   that	   the	   dissociation	   rate	   for	   agonists	   such	   as	   endomorphins	   that	   have	   a	  
strong	   signalling	  bias	   towards	  G-­‐protein	  activation,	   is	   slower	   than	  other	   internalizing	  
agonists	  with	  little	  bias.	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Figure	  6.6.	  Time	  course	  of	  Ser375	  dephosphorylation	  induced	  by	  MOPr	  agonists	  	  
	  
AtT20-­‐MOPr	  cells	  were	  incubated	  with	  a	  submaximal	  concentration	  of	  MOPr	  agonists	  
for	  3	  min	  at	  37°C.	  Cells	  were	  washed	  with	  30	  μM	  naloxone	  and	  incubated	  for	  indicated	  
times.	   Dephosphorylation	   curves	   were	   fitted	   to	   an	   exponential	   single-­‐phase	   decay	  
function.	   The	   koff	  values	   are	   outlined	   in	   Table	   6.1.	   Each	   point	   represents	   the	  mean	   ±	  
S.E.M	  of	  10–20	  cells	  and	  normalized	  to	  the	  highest	  fluorescence	  value	  of	  corresponding	  
drug.	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Table	  6.1.	  Summary	  of	  calculated	  kon,	  koff	  and	  Kd	  values	  of	  Ser375	  phosphorylation	  for	  
MOPr	  agonists	  
	  
The	   kon	   values	   were	   measured	   by	   plotting	   of	   the	   kobs	   values	   versus	   corresponding	  
concentrations.	   The	   slope	   of	   linear	   regression	   estimates	   the	   kon	   and	   the	   Y	   intercept	  
equals	   koff.	   To	   determine	   the	   actual	   koff,	   dephosphorylation	   curves	   were	   fitted	   to	   a	  
single	  exponential	  decay	  function,	  koff	  values	  of	  agonists	  were	  compared	  to	  the	  value	  of	  
Endo-­‐2	  using	  one-­‐way	  ANOVA	  with	  Bonferrini’s	  post-­‐test	  (*	  =	  P<0.05,	  **	  =	  P<0.01	  and	  
***	   =	   P<0.001).	   The	   Kd	   values	   were	   estimated	   using	   the	   kon	   and	   koff	   values	   (from	  
dephosphorylation	   curves).	   The	   pEC50	   values	   are	   obtained	   from	   the	   concentration-­‐
response	  data	  for	  Ser375	  phosphorylation	  in	  Chapter	  3.	  Values	  are	  represented	  as	  mean	  
±	  S.E.M.	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Ligand	  
	  
kon	  
(nM-­‐1s-­‐
1×104)	  
koff	  
(s-­‐1×10-­‐3)	  
Tauoff	  
(s)	  
koff	  
(s-­‐1×10-­‐3)	  
(from	  Kon)	  
	  
pKd	  
	  
	  
pEC50	  
	  
	  
Endo-­‐2	  
	  
	  
9.68	  ±	  
2.19	  
	  
	  
4.8	  ±	  0.4	  
	  
	  
208.7	  
	  
	  
12.5	  ±	  4.0	  
	  
	  
7.31	  ±	  
0.1	  
	  
	  
7.11	  ±	  
0.04	  
	  
Met-­‐enk	  
	  
	  
3.03	  ±	  
0.17	  
	  
	  
7.6	  ±	  0.5	  
	  
	  
130.8	  
	  
	  
19.7	  ±	  2.7	  
	  
	  
6.60	  ±	  
0.036	  
	  
6.96	  ±	  
0.06	  
	  
DAMGO	  
	  
	  
3.83	  ±	  
0.41	  
	  
	  
7.7	  ±	  0.5	  
	  
	  
129.5	  
	  
	  
6.5	  ±	  2.5	  
	  
	  
6.69	  ±	  
0.055	  
	  
6.86	  ±	  
0.06	  
	  
Methadone	  
	  
	  
N.D.1	  
	  
7.0	  ±	  0.5	  
	  
	  
142.8	  
	  
	  
-­‐	  
	  
-­‐	  
	  
6.53	  ±	  
0.07	  
	  
Fentanyl	  
	  
	  
N.D.	  
	  
8.9	  ±	  0.7*	  
	  
	  
112.5	  
	  
	  
-­‐	  
	  
-­‐	  
	  
8.06	  ±	  
0.09	  
	  
Oxycodone	  
	  
	  
N.D.	  
	  
14.2	  ±	  1.2***	  
	  
	  
70.21	  
	  
	  
-­‐	  
	  
-­‐	  
	  
N.D.	  
	  
Morphine	  
	  
	  
0.07	  ±	  
0.02	  
	  
	  
10.5	  ±	  1.2**	  
	  
	  
95.59	  
	  
	  
10.5	  ±	  1.2	  
	  
	  
4.83	  ±	  
0.13	  
	  
	  
5.81	  ±	  
0.13	  
	  
Oxymorpho
ne	  
	  
	  
N.D.	  
	  
11.2	  ±	  1.1***	  
	  
89.23	  
	  
	  
-­‐	  
	  
-­‐	  
	  
7.17	  ±	  
0.15	  
	  
Bilaid-­‐C2	  
	  
	  
0.04	  ±	  
0.02	  
	  
	  
13.5	  ±	  1.6***	  
	  
	  
74.38	  
	  
	  
15.7	  ±	  1.1	  
	  
	  
4.51	  ±	  
0.18	  
	  
6.65	  ±	  
0.09	  
	  
1	  N.D.,	  On-­‐rate	  has	  not	  been	  determined	  for	  these	  drugs	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6.3.	  DISCUSSION:	  
This	   is	   the	   first	   study	   that	   quantitatively	   determines	   the	   kinetics	   of	   Ser375	  
phosphorylation	  for	  a	  various	  range	  of	  MOPr	  agonists	  by	  calculating	  kon	  and	  koff	  values.	  
These	   results	   indicate	   a	   very	   strong	   positive	   correlation	   between	   Ser375	  
dephosphorylation	  and	  endocytosis.	  Ser375	  dephosphorylation	  was	  very	  rapid	  and	  for	  
the	   majority	   of	   agonists	   was	   complete	   within	   10	   min	   at	   37°C.	   The	   rate	   of	  
dephosphorylation	   in	  non-­‐internalizing	  agonists	  was	  faster	  than	   internalizing	  agonists	  
with	  the	  rank	  order	  of	  Tauoff:	  morphine	  (96	  s)	  >	  oxymorphone	  (89	  s)	  >	  Bilaid-­‐C2	  (74	  s)	  >	  
oxycodone	  (70	  s).	  In	  contrast	  internalizing	  agonists,	  particularly	  those	  with	  greater	  bias	  
towards	  G-­‐protein	  activation,	  recovered	  more	  slowly	  compared	  with	  non-­‐internalizing	  
ligands.	  The	  rank	  order	  of	  Tauoff	  for	  internalizing	  agonists	  was:	  endomorphin-­‐2	  (209	  s)	  >	  
methadone	  (143	  s)	  >	  Met-­‐enkephalin	  (131	  s)	  >	  DAMGO	  (129	  s)	  >	  fentanyl	  (112	  s).	  
	  
Many	  studies	  have	  focused	  on	  the	  mechanisms	  contributing	  in	  Ser375	  phosphorylation	  
and	  dephosphorylation	  (Reiter	  et	  al.,	  2006;	  Raehal	  et	  al.,	  2011;	  Doll	  et	  al.,	  2012)	  with	  
regard	   to	   the	   roles	   of	   different	   kinase	   and	   phosphatases,	   but	   little	   is	   known	   about	  
phosphorylation	   kinetics	   at	   MOPrs.	   It	   has	   been	   reported	   that	   the	   pattern	   of	   MOPr	  
phosphorylation	  is	  ligand-­‐dependent.	  For	  example,	  DAMGO	  promotes	  both	  Ser375	  and	  
Thr370	  phosphorylation,	  while	  morphine	  induces	  the	  phosphorylation	  of	  Ser375	  but	  fails	  
to	   induce	   Thr370phosphorylation.	   Ser375	   is	   the	   primary	   site	   that	   undergoes	  
phosphorylation	   after	   DAMGO	   exposure	   and	   also	   the	   first	   target	   for	   phosphatases	  
(Doll	  et	  al.,	  2011).	  Morphine	  may	  weakly	  and	  predominantly	  induce	  phosphorylation	  in	  
one	   residue,	   whereas	   DAMGO	   strongly	   stimulates	   phosphorylation	   in	  multiple	   sites.	  	  
Recent	   study	   demonstrated	   that	   combined	   administration	   of	   GRK2	   and	  GRK3	   siRNA	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totally	   inhibited	   DAMGO-­‐induced	   Ser375	   and	   Thr370	   phosphorylation.	   In	   contrast,	  
morphine-­‐induced	   Ser375	   phosphorylation	  was	   selectively	   catalysed	   by	   GRK5	   (Doll	   et	  
al.,	  2012).	  	  
	  
It	   has	   been	   suggested	   that	   internalization	   is	   required	   for	   recovery	   from	   Ser375	  
phosphorylation	  (Schulz	  et	  al.,	  2004)	  and	  dephosphorylation	  cannot	  efficiently	  occur	  in	  
non-­‐internalizing	   agonists.	   For	   example	   in	   morphine	   treated	   cells,	   receptors	  
maintained	   in	   the	  phosphorylated	   state	   for	   at	   least	   6	  hours	   after	  drug	   removal.	   The	  
contradictions	   between	   my	   results	   and	   Schulz	   et	   al.	   (Schulz	   et	   al.,	   2004)	   that	  
morphine-­‐desensitized	  receptors	  remained	  phosphorylated	  for	  hours	  after	  PBS	  wash,	  
could	  be	  explained	  by	  inefficient	  	  morphine	  elimination	  from	  the	  cell	  preparations.	  
	  
More	   recent	   studies	   from	   the	   same	   laboratory	   (Doll	   et	   al.,	   2011)	   reported	   that	  
regardless	   of	   the	   agonist,	   phosphorylated	   receptors	   efficiently	   recovered	   when	  
endocytosis	   was	   blocked	   by	   concanavalin	   A.	   They	   also	   detected	   a	   rapid	  
dephosphorylation	   after	   acidic-­‐	   or	   naloxone-­‐wash	   in	   both	   morphine	   and	   DAMGO	  
treated	  cells.	  	  
	  
In	   this	   study,	   I	   show	   evidence	   that	   the	   rate	   of	   dephosphorylation	   in	   morphine-­‐
desensitized	   receptor	   was	   also	   quicker	   than	   DAMGO,	   and	   majority	   of	   receptors	  
dephosphorylated	  upon	  5	  min	  using	  naloxone-­‐wash.	  
	  
I	   found	   a	   marked	   difference	   in	   the	   kinetics	   of	   Ser375	   phosphorylation	   induced	   by	   a	  
range	  of	  internalizing	  and	  non-­‐internalizing	  MOPr	  agonists.	  MOPr	  dephosphorylation	  is	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more	  rapid	  when	  cells	  exposed	  to	  non-­‐internalizing	  agonists	  like	  Bilaid-­‐C2	  compared	  to	  
internalizing	  ligands	  such	  as	  DAMGO.	  A	  possible	  and	  simple	  explanation	  is	  the	  role	  of	  
regulatory	   proteins	   like	   arrestins	   on	   off-­‐rate	   kinetics	   and	   also	   the	   roles	   of	   other	  
residues	   that	   could	   be	   phosphorylated.	   Recent	   studies	   employing	   assays	   like	  
PathHunter	  or	  Resonance	  Energy	  Transfer	  (RET)	  indicating	  that	  agonists	  like	  morphine	  
are	   weak	   recruiters	   of	   β-­‐arr2,	   while	   other	   agonists	   like	   DAMGO	   recruit	   both	   β-­‐arr2	  
(McPherson	  et	  al.,	  2010;	  Molinari	  et	  al.,	  2010;	  Rivero	  et	  al.,	  2012)	  and	  β-­‐arr1	  (Bohn	  et	  
al.,	  2004)	  to	  the	  MOPr.	  	  
	  
The	   ability	   of	   different	   agonists	   to	   recruit	   arrestins	   may	   explain	   the	   reason	   that	  
dephosphorylation	   stimulated	   by	   DAMGO	   but	   not	   morphine	   was	   temperature-­‐
dependent.	   As	   described	   earlier,	   temperature	   reduction	   delays	   the	   intracellular	  
signalling	   pathways.	   Therefore	   by	   reducing	   the	   temperature,	   rapid	   pathways	   can	   be	  
more	  carefully	  studied.	  At	  37°C	  DAMGO-­‐induced	  dephosphorylation	  was	  quite	  fast	  and	  
largely	   completed	   in	   5	   min.	   However	   at	   room	   temperature	   the	   rate	   of	  
dephosphorylation	  was	   significantly	   slower	   than	  37°C	   and	   approximately	   20%	  of	   the	  
receptors	   remained	   at	   phosphorylated	   state	   after	   10	   min.	   Conversely,	   temperature	  
didn’t	   have	   significant	   effect	   on	   morphine-­‐driven	   dephosphorylation.	   These	  
differences	  may	  arise	  from	  agonist	  ability	  to	  recruit	  the	  arrestins.	  As	  shown	  in	  chapter	  
7,	   the	  rate	  of	  β-­‐arr2	  binding	   reduces	  at	  22°C.	  Slow	  association	  and	  dissociation	  of	  β-­‐
arr2	  delays	  dephosphorylation	  in	  agonists	  that	  strongly	  recruit	  β-­‐arr2.	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Equilibrium	   dissociation	   constant	   was	   also	   calculated	   from	   the	   kon	   and	   the	   koff	  
(measured	  from	  dephosphorylation	  curves)	  by	  following	  equation:	  
	   𝐾! =   𝑘!""𝑘!" 	  
	  
However,	   it	   should	  be	  considered	   that	   the	  Kd	  values	  calculated	  here	  are	  not	  correct,	  
since	   the	   phosphorylation	   experiments	   have	   been	   performed	   under	   different	  
condition	   from	   dephosphorylation.	   As	   discussed	   earlier,	   the	   rate	   of	   Ser375	  
phosphorylation	  is	  quite	  fast	  at	  MOPr	  and	  saturates	   in	   less	  than	  1	  minute,	  hence	  the	  
on-­‐rate	   data	   was	   obtained	   at	   room	   temperature	   whereas	   the	   off-­‐rate	   experiments	  
have	  been	  performed	  at	  37°C.	  It	  has	  been	  expected	  that	  the	  kon	  changes	  to	  a	  greater	  
value	   at	   37°C,	   since	   the	   Tauoff	   would	   be	   smaller.	   However,	   there	   is	   a	   reasonable	  
correspondence	   between	   dissociation	   constant	   and	   the	   EC50	   values	   obtained	   from	  
steady	   states	   data	   in	   Chapter	   3.	   Figure	   6.7	   shows	   the	   correlation	   of	   equilibrium	  
dissociation	   constant	   and	   the	   EC50	   values	   for	   Ser375	   phosphorylation.	   The	   results	  
indicate	  that	  more	  sustained	  receptor	  occupancy	  by	  agonist	  results	  in	  greater	  receptor	  
phosphorylation.	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Figure	  6.7.	  Correlation	  of	  agonist	  pEC50	  and	  pKd	  values	  for	  Ser375	  phosphorylation	  
The	   panel	   demonstrates	   the	   relationship	   between	   equilibrium	   dissociation	   constant	  
and	   EC50	   values	   of	   MOPr	   agonists	   for	   Ser375	   phosphorylation	   at	   AtT20	   cells.	   The	   Kd	  
values	  were	   determined	   from	   agonists’	   on-­‐	   and	   off-­‐rate	   kinetics	   and	   EC50	   values	   are	  
from	   concentration-­‐response	   curves	   in	   Chapter	   3.	   The	   R2	   and	   Pearson	   r	   values	  
represent	  goodness	  of	  fit	  and	  correlation	  coefficient	  respectively.	  
	  	  
	  
The	  present	  study	  demonstrated	  that	  internalizing	  agonists	  induce	  a	  more	  rapid	  Ser375	  
phosphorylation	   and	   slower	   dephosphorylation	   in	   comparison	   to	   non-­‐internalizing	  
agonists	  and	  therefore	  have	  greater	  affinity	  for	  this	  pathway.	  Agonists	  with	  slower	  off-­‐
rate	   kinetics	   such	   as	   endomorphins,	   produce	   greater	   endocytosis	   relative	   to	   their	  
initial	   signalling	   efficacy	   than	   agonists	   with	   more	   rapid	   off-­‐rates.	   These	   results	  
suggesting	  that	  when	  duration	  of	   receptor	  occupancy	   is	   insufficient,	  agonists	  are	  not	  
able	   to	   efficiently	   couple	   to	   the	   corresponding	   signalling	   pathway;	   therefore	   the	  
potency	  of	  agonist	  is	  lower	  for	  that	  certain	  pathway.	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The	   off-­‐rate	   results	   for	   Ser375	   phosphorylation	   are	   strongly	   correlated	   with	   GIRK	  
deactivation	   rate.	   Agonist	   with	   the	   greater	   time	   constant	   for	   current	   deactivation	  
exhibited	   slower	   Ser375	   dephosphorylation,	   suggesting	   that	   sustained	   occupancy	   of	  
MOPr	   in	   the	   phosphorylated	   state	   is	   reflected	   by	   higher	   agonist	   affinity	   for	   GIRK	  
activation.	  As	  shown	  in	  figure	  6.8	  there	  is	  a	  strong	  positive	  correlation	  between	  rates	  
of	   GIRK	   deactivation	   and	   Ser375	   dephosphorylation,	   where	   endomorphin-­‐2	   has	   the	  
slowest	  off-­‐rate	  in	  both	  pathways	  whereas	  Bilaid-­‐C2	  exhibited	  the	  fastest	  dissociation	  
rates.	  	  
	  
	   	  
	  
Figure	   6.8.	   Correlation	   of	   off-­‐rate	   kinetics	   of	   opioid	   agonists	   for	   GRIK	   current	   and	  
Ser375	  phosphorylation	  	  
	  
The	  panel	  shows	  the	  relationship	  between	  GIRK	  current	  decline	  and	  corresponding	  off-­‐
rate	   values	   Ser375	   phosphorylation.	   The	   off-­‐rate	   data	   for	   GIRK	   and	   phosphorylation	  
were	  obtained	  from	  Table	  5.1	  and	  7.1	  respectively.	  P	  <	  0.01,	  R2	  and	  Pearson	  r	  values	  
represent	  goodness	  of	  fit	  and	  correlation	  coefficient	  from	  linear	  regression.	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7.	  MOPr	  agonist	  interactions	  with	  β-­‐arr2	  monitored	  by	  
Bioluminescence	  Resonance	  Energy	  Transfer	  (BRET)	  assay	  	  
	  	  	  	  
Chapter	  aims:	  
To	  characterize	  the	  kinetics	  of	  β-­‐arr2	  association	  and	  dissociation	  induced	  by	  a	  range	  of	  
MOPr	  agonists	  in	  AtT20	  cells.	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7.1.	  INTRODUCTION	  
Agonist-­‐induced	   activation	   of	   MOPrs	   initiates	   signalling	   cascades	   including	   receptor	  
phosphorylation	  by	  GPCR	  kinases	  (GRKs)	  or	  other	  kinases	  such	  as	  protein	  kinase	  C	  (PKC)	  
and	   subsequently	   arrestin	   recruitment	   to	   the	   phosphorylated	   receptors	   followed	   by	  
receptor	   internalization.	   It	  has	  been	   suggested	   that	   these	  early	  events	  might	   terminate	  
MOPr-­‐G	  protein	  signalling	  and	  leads	  to	  rapid	  desensitization,	  but	  how	  these	  mechanisms	  
mediate	  receptor	  desensitization	  has	  not	  yet	  been	  fully	  defined	  (Christie,	  2008;	  Williams	  
et	  al.,	  2013).	  	  
	  
MOPr	  agonists	  have	  different	  efficacies	  to	  recruit	  arrestins	  to	  the	  receptor.	  Many	  studies	  
indicated	   that	   agonists	   with	   greater	   efficacies	   to	   phosphorylate	   the	   receptors	   have	  
stronger	   potencies	   to	   recruit	   arrestins	   to	   the	   phosphorylated	   sites.	   For	   example,	  
morphine	  and	  heroin	  have	   low	  efficacies	  to	  stimulate	  Ser375	  phosphorylation	  and	  β-­‐arr2	  
recruitment.	   In	  contrast,	  DAMGO,	  methadone	  and	  etorphine	  robustly	  promote	  the	  both	  
pathways	   (Whistler	   et	   al.,	   1998;	  Whistler	   et	   al.,	   1999;	   Bohn	   et	   al.,	   2004;	   Groer	   et	   al.,	  
2007;	  McPherson	  et	  al.,	  2010).	  	  
	  
The	  extent	  of	  phosphorylation	  and	  arrestin	  interaction	  with	  the	  receptor	  can	  be	  mediated	  
by	   kinase	   expression	   patterns.	   Overexpression	   of	   GRK2	   enhances	  morphine’s	   ability	   to	  
induce	   phosphorylation	   and	   β-­‐arr2	   recruitment	   (Zhang	   et	   al.,	   1998;	   Bohn	   et	   al.,	   2004;	  
Groer	   et	  al.,	  2007).	   Furthermore	   it	  has	  been	   reported	   that	  overexpression	  of	  any	  other	  
GRKs	  can	  lead	  to	  enhance	  morphine-­‐induced	  β-­‐arr2	  recruitment	  to	  the	  receptor	  (Raehal	  
et	  al.,	  2009;	  Raehal	  et	  al.,	  2011b).	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Physiological	  studies	  showed	  that	  disruption	  of	  β-­‐arr2	  improved	  the	  therapeutic	  profile	  of	  
morphine.	  Morphine	   analgesia	   has	   been	   augmented	   and	   prolonged	   in	   β-­‐arr2-­‐KO	  mice,	  
while	  the	  acute	  respiratory	  suppression	  and	  constipation	  were	  reduced.	  On	  the	  contrary,	  
no	  significant	  differences	  were	  observed	  in	  antinociception	  effect	  produced	  by	  etorphine,	  
fentanyl	   and	   methadone	   between	   wild	   type	   and	   β-­‐arr2-­‐KO	   mice	   (Raehal	   et	   al.,	   2005;	  
Raehal	   et	   al.,	   2011a).	   Moreover,	   after	   chronic	   morphine	   treatment	   naloxone-­‐induced	  
withdrawal	  responses	  attenuated	  in	  β-­‐arr2-­‐KO	  mice.	  However,	  both	  genotypes	  displayed	  
similar	   withdrawal	   responses	   after	   chronic	   infusion	   of	   methadone,	   fentanyl	   and	  
oxycodone	  (Raehal	  et	  al.,	  2011a).	  	  
	  
It	   has	   been	   demonstrated	   that	   agonists	   can	   selectively	   recruit	   arrestins.	   Morphine-­‐
occupied	  receptors	  can	  only	  interact	  with	  β-­‐arr2,	  whereas	  DAMGO	  and	  etorphine	  induce	  
recruitment	   of	   β-­‐arr1	   and	  β-­‐arr2	   (Groer	   et	   al.,	   2011).	  Moreover,	   it	   has	   been	   suggested	  
that	  in	  the	  β-­‐arr2-­‐KO	  mice,	  β-­‐arr1	  can	  be	  functionally	  substitute	  for	  β-­‐arr2.	  This	  theory	  is	  
consistent	  with	  the	  studies	  showed	  that	  unlike	  to	  morphine,	  antinociceptive	  responses	  to	  
fentanyl,	  etorphine	  and	  methadone	  (agonists	  that	  recruit	  both	  arrestins)	  did	  not	  change	  
in	  β-­‐arr2-­‐KO	  animals	  (Raehal	  et	  al.,	  2011b).	  
	  
Zheng	  et	  al.	  (Zheng	  et	  al.,	  2008a)	  demonstrated	  that	  MOPr	  agonists	   induce	  extracellular	  
signal-­‐regulated	   kinase	   (ERK)	   activation	   through	   G-­‐protein	   dependent	   or	   arrestin-­‐
dependent	   pathways.	   Agonists	   like	  morphine	   and	  methadone	   induce	   ERK1/2	   activation	  
via	   PKC-­‐dependent	   pathway	   and	   the	   activated	   ERK1/2	   remain	   in	   the	   cytosol,	   whereas	  
agonists	   like	  etorphine	  and	  fentanyl	  activate	  ERK1/2	   in	  a	  β-­‐arr2-­‐dependent	  manner	  and	  
the	  phosphorylated	  ERKs	  translocate	  to	  the	  nucleus.	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Arrestins	  also	   regulate	  dephosphorylation	  and	   internalization.	  Groer	  et	  al.	   (Groer	   et	  al.,	  
2011)	  showed	  that	  arrestin	  translocation	  is	  required	  for	  internalization	  and	  in	  the	  absence	  
of	   β-­‐arr1/2	   endocytosis	  was	   not	   observed	   in	  DAMGO	  or	  morphine	   treated	   cells.	   β-­‐arr1	  
facilitates	   Ser375	   phosphorylation	   and	   the	   absence	   of	   β-­‐arr1	   delays	   the	   rate	   of	  
dephosphorylation	  in	  DAMGO-­‐activated	  receptors.	  	  
	  
MOPr	   agonists	   have	  different	   profiles	   to	   activate	  G-­‐protein	   coupled	   receptors,	   stabilize	  
receptor	   conformation	   and	   stimulate	   downstream	   signalling	   pathways.	   There	   is	   much	  
known	   about	   the	   opioids	   efficacies	   and	   potencies	   for	   distinct	   signalling	   pathways	  
(McPherson	  et	  al.,	  2010;	  Molinari	  et	  al.,	  2010;	  Rivero	  et	  al.,	  2012)	  but	  less	  is	  known	  about	  
dynamic	   changes	   of	   MOPr	   conformation	   and	   the	   kinetics	   of	   the	   receptor-­‐effector	  
complex.	   It	   is	   likely	   that	  different	   in	   kinetic	  properties	  of	   agonists	  may	   result	   in	  bias	  or	  
desensitization	  induction.	  
	  
Using	  BRET,	   I	   directly	  monitored	   the	  β-­‐aar2	  binding	  and	  unbinding	   kinetics	   in	   real	   time	  
and	   in	   the	   live	   cells.	   Recording	   of	   the	   rapid	   increase	   and	   decrease	   in	   BRET	   ratio	   after	  
agonist	  exposure	  and	  elimination	  allowed	  kinetic	  analysis	  of	  β-­‐arr2-­‐receptor	  interactions.	  
In	   this	   study	   β-­‐arr2	   association	   and	   dissociation	   rates	  were	   investigated	   for	   a	   range	   of	  
internalizing	   and	   non-­‐internalizing	   ligands	   in	   AtT20	   cells	   transiently	   transfected	   with	  
MOPr	  and	  β-­‐arr2	  constructs	  tagged	  with	  Renilla	  Luciferase	  (Rluc)	  and	  yellow	  fluorescent	  
protein	  (YFP),	  respectively.	  The	  BRET	  experiments	  were	  performed	  in	  collaboration	  with	  
Dr	  Meritxell	  Canals	  at	  Monash	  Institute	  of	  pharmaceutical	  Sciences.	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7.2.	  RESULTS:	  	  
7.2.1.	  Determination	  of	  β-­‐arr2	  association	   rate	  with	  MOPr	  after	  exposure	   to	  different	  
opioid	  agonists	  
To	  assess	   the	   characteristics	  of	   opioid	   agonists	   to	   stimulate	  β-­‐arr2	   translocation,	  AtT20	  
cells	  were	   transiently	   co-­‐expressed	  with	  MOPr-­‐Rluc	   and	  β-­‐arr2-­‐YFP	  and	   receptor-­‐β-­‐arr2	  
interaction	  was	  determined	  by	  BRET	  assay.	  Agonist	   stimulation	   results	   in	  an	   increase	   in	  
BRET	   ratio	   (emission	   at	   530	   nm/emission	   at	   480	   nm)	   from	  basal	   level.	   To	   examine	   the	  
binding	   kinetics	   of	   β-­‐arr2	   to	   the	  MOPr,	   at	   least	   3	   concentrations	   of	   each	   agonist	  were	  
rapidly	  applied	  by	  injector	  at	  37°C.	  	  
	  
As	  described	  in	  Chapter	  2,	  the	  apparent	  association	  rate	  constants	  (kobs)	  were	  measured	  
by	   fitting	   the	   time	   plots	   of	   different	   concentrations	   to	   the	   one-­‐phase	   exponential	  
association	   function.	   The	   kobs	  values	  were	  plotted	  against	   corresponding	   concentrations	  
and	  fitted	  to	  a	  linear	  regression,	  where	  kon	  equals	  slope	  of	  the	  line.	  Figure	  7.1.A,	  B,	  C,	  D	  
and	  E	  show	  the	  β-­‐arr2	  binding	  kinetic	  induced	  by	  endomorphin-­‐2,	  fentanyl,	  DAMGO,	  Met-­‐
enkephalin,	  methadone	   respectively	   and	  Figure	  7.2	   illustrates	   the	   comparison	  of	  β-­‐arr2	  
translocation	  kon	  for	  these	  agonists.	  The	  BRET	  ratio	  induced	  by	  all	  agonists	  reached	  to	  the	  
steady	   state	   in	   less	   than	   3	   min.	   The	   rank	   order	   for	   kon	   values	   was	   endomorphin-­‐2	   >	  
DAMGO	  >	  fentanyl	  >	  Met-­‐enkephalin	  >	  methadone.	  The	  kon	  values	  are	  outlined	  in	  Table	  
7.1.	  
	  
kon	  values	  were	  not	  determined	  for	  morphine,	  oxycodone,	  oxymorphone	  and	  Bilaid-­‐C2.	  As	  
described	   earlier,	   determination	   of	   activation	   rate	   constant	   is	   concentration	  
dependentrequires	  at	  least	  3	  different	  concentrations,	  one	  maximal	  and	  two	  submaximal,	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to	  calculate	  association	  time	  constant.	  Agonists	  like	  morphine	  are	  weak	  β-­‐arr2	  recruiters	  
and	   exposure	   of	   very	   high	   concentrations	   of	   these	   agonists	   is	   needed	   for	   β-­‐arr2	  
translocation.	   Therefore,	   it	   is	   not	   feasible	   to	   estimate	   BRET	   ratio	   from	   three	   distinct	  
concentrations	  of	  these	  drugs.	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Figure	   7.1.	   Determination	   of	   binding	   kinetic	   of	   βarr-­‐2	   to	   the	   receptor	   after	   MOPr	  
agonists	  exposure	  
	  
A,	   b,	   C,	   D	   and	   E	   show	   the	   kinetics	   of	   βarr-­‐2	   recruitment	   induced	   by	   endomorphin-­‐2,	  
fentanyl,	   DAMGO,	   Met-­‐enkephalin	   and	   methadone	   respectively.	   BRET	   ratio	   was	  
calculated	  for	  at	   least	  3	  concentrations	  of	  each	  drug	  and	  the	  apparent	  association	  rates	  
were	  calculated	  by	  fitting	  the	  time	  plot	  curves	  to	  the	  exponential	  single-­‐phase	  association	  
function.	   Average	   observed	   association	   rates	   (kobs)	   were	   plotted	   against	   corresponding	  
concentrations	   and	   fitted	   to	   a	   linear	   regression.	   The	   slope	   of	   each	   linear	   fit	   is	   kon	   for	  
indicated	   agonist.	   Each	   point	   represents	   the	   mean	   ±	   S.E.M.	   of	   3-­‐6	   independent	  
experiments,	  which	  were	  performed	  in	  triplicate.	  The	  BRET	  ratio	  values	  were	  normalized	  
to	  the	  baseline.	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Figure	  7.2.	  Summary	  of	  βarr-­‐2	  binding	  kinetics	   induced	  by	  internalizing	  MOPr	  agonists	  
at	  AtT20	  cells	  
	  
Comparison	  of	  on-­‐rate	  kinetics	  of	  βarr-­‐2	  binding	  to	  the	  MOPr	  using	  BRET	  assay.	  Average	  
of	   observed	   association	   rates	   were	   plotted	   against	   corresponding	   concentrations	   and	  
were	   linearly	   fitted.	  The	   slope	  of	  each	   line	  equals	   kon.	   The	   rank	  order	   for	  βarr-­‐2	  binding	  
kinetics	  were	  endomorphin-­‐2	  >	  Fentanyl	  >	  DAMGO	  >	  Met-­‐enkephalin	  >	  methadone.	  Each	  
point	  represents	  the	  mean	  ±	  S.E.M.	  of	  3-­‐6	  sets	  of	  experiments,	  which	  were	  performed	  in	  
triplicate.	  kon	  values	  are	  outlined	  in	  Table	  7.1.	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7.2.2.	  Characterization	  of	  βarr-­‐2	  unbinding	  from	  MOPr	  agonists-­‐activated	  receptors	  
β-­‐arr2	   intrinsic	  dissociation	  kinetics	  were	  examined	  when	  receptors	  were	  activated	  by	  a	  
series	  of	  MOPr	  agonists.	  To	  reveal	  β-­‐arr2	  intrinsic	  off-­‐rate	  rapid	  agonist	  dissociation	  from	  
receptor	  is	  required.	  Naloxone	  that	  is	  an	  irreversible	  antagonist	  competes	  with	  the	  MOPr	  
agonists	  at	  the	  common	  binding	  site	  in	  the	  receptor.	  It	  should	  be	  taken	  into	  account	  that	  
the	  rate	  of	  agonist	  unbinding	  from	  the	  receptor	  should	  be	  faster	  than	  β-­‐arr2	  dissociation	  
for	  a	  reliable	  estimation	  of	  β-­‐arr2	  off-­‐rate	  constant.	  Although	  the	  rate	  of	  naloxone	  binding	  
to	  the	  receptor	  is	  rapid,	  competition	  of	  saturating	  concentrations	  of	  high	  affinity	  agonists	  
with	  naloxone	  leads	  to	  agonists	  rebinding	  and	  slows	  the	  β-­‐arr2	  koff.	  Therefore	  a	  saturating	  
concentration	   of	   the	   irreversible	   antagonist	   and	   the	   submaximal	   concentrations	   of	  
agonists	  are	  necessary	  (Banghart	  et	  al.,	  2013).	  	  
	  
In	   order	   to	   measure	   the	   time	   constant	   of	   β-­‐arr2	   dissociation,	   AtT20	   cells	   transiently	  
expressing	   MOPr-­‐Rluc	   and	   β-­‐arr2-­‐YFP	   were	   treated	   with	   2	   or	   3	   sub-­‐saturating	  
concentrations	  of	  each	  agonist	  for	  2-­‐4	  min	  at	  37°C.	  Then	  30	  μM	  naloxone	  was	  applied	  by	  
the	  injector	  inside	  the	  plate	  reader.	  Since	  off-­‐rate	  kinetic	  is	  not	  concentration	  dependent,	  
at	   least	   2	   submaximal	   concentrations	  of	   each	  drug	  were	   applied	   for	  more	   accurate	   koff	  
estimation.	  	  
	  
Figures	  7.3.A	  to	  7.3.I	  illustrates	  the	  representative	  β-­‐arr2	  unbinding	  kinetic	  traces	  induced	  
by	   endomorphin-­‐2,	   Met-­‐enkephalin,	   methadone,	   DAMGO,	   fentanyl,	   morphine,	  
oxymorphone,	  oxycodone	  and	  Bilaid-­‐C2	  respectively.	  koff	  was	  determined	  by	  fitting	  the	  β-­‐
arr2	  unbinding	  time	  plots	  to	  a	  single-­‐phase	  exponential	  decay	  function.	  The	  koff	  values	  are	  
outlined	   in	   table	  7.1.	  Figure	  7.4	  compares	   the	   rate	  of	  β-­‐arr2	  dissociation	   from	  different	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agonists-­‐activated	   receptor.	   β-­‐arr2	   off-­‐rate	   for	   internalizing	   agonists	   was	   slower	   than	  
non-­‐internalizing	   agonists.	   The	   slowest	   β-­‐arr2	   dissociation	   rate	   was	   observed	   in	  
endomorphin-­‐2	   treated	   cells,	   suggesting	   that	   agonists	   with	   strong	   bias	   of	   β-­‐arr2	  
recruitment	  towards	  G-­‐protein	  activation,	  mediate	  the	  slower	  β-­‐arr2	  unbinding	  rate.	  	  
	  
To	  investigate	  the	  effect	  of	  temperature	  in	  the	  kinetics	  of	  β-­‐arr2,	  the	  interaction	  of	  β-­‐arr2	  
with	  MOPr	  was	  studied	  at	  25	  °C	  in	  cells	  activated	  by	  Met-­‐enkephalin.	  As	  shown	  in	  Figure	  
7.5,	   reduction	   of	   temperature	   slowed	   the	   rate	   of	   β-­‐arr2	   binding	   and	   unbinding	   when	  
compared	  to	  37°C.	  As	  summarized	  in	  Table	  7.1,	  Tauoff	  of	  unbinding	  increase	  from	  43	  s	  at	  
37°C	  to	  119	  s	  at	  25°C	  in	  Met-­‐enkephalin	  treated	  cells.	  The	  kon	  also	  was	  greater	  at	  37°C	  and	  
it	  changed	  from	  0.30	  ±	  0.09	  to	  0.24	  ±	  0.05	  M-­‐1	  S-­‐1	  ×	  104.	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Next	  pages	  
	  
Figure	   7.3.	   Determination	   of	   agonists-­‐induced	   interaction	   of	   β-­‐arr2	   and	   MOPr	   using	  
BRET	  assay	  
	  
AtT20	  cells	  transiently	  transfected	  with	  MOPr-­‐Rluc	  and	  β-­‐arr2-­‐YFP	  were	  treated	  with	  sub-­‐
saturating	   concentrations	   of	   a	   range	   of	   MOPr	   agonists	   following	   30	   μM	   naloxone	  
exposure.	  A	  -­‐	  I	  show	  the	  representative	  BRET	  traces	  of	  0.1	  μM	  endomorphin-­‐2,	  1	  μM	  Met-­‐
enkephalin,	   3	  μM	  methadone,	   1	  μM	  DAMGO,	  0.3	  μM	   fentanyl,	   3	   μM	  morphine,	   10	  μM	  
oxymorphone,	  10	  μM	  oxycodone	  and	  10	  μM	  Bilaid-­‐C2	  respectively.	  30	  μM	  naloxone	  was	  
added	   to	   the	   cells	   when	   BRET	   ratios	   reached	   to	   the	   steady	   states.	   BRET	   ratio	   was	  
normalized	  to	  the	  baseline.	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Figure	  7.4.	  Determination	  of	  β-­‐arr2	  dissociation	  from	  agonist	  activated-­‐MOPr	  
	  
Time	   plots	   of	   BRET	   ratio	   decline.	   Submaximal	   concentrations	   of	   MOPr	   agonists	   were	  
applied	   followed	   by	   30	   μM	   naloxone.	   β-­‐arr2	   dissociation	   curves	   were	   fitted	   to	   an	  
exponential	  one-­‐phase	  decay	  function.	  The	  koff	  values	  are	  outlined	   in	  table	  7.1.	  Each	   line	  
represents	   the	   non-­‐linear	   fit	   of	   average	   2	   -­‐	   12	   independent	   experiments	   performed	   in	  
triplicate.	  The	  BRET	  ratio	  normalized	  to	  the	  highest	  value	  of	  corresponding	  drug.	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Figure	   7.5.	   Effect	   of	   temperature	   on	   kinetics	   of	   β-­‐arr2	   in	   Met-­‐enkephalin	   –activated	  
cells.	  	  
A.	  Time	  plots	  of	  β-­‐arr2	  association	  induced	  by	  0.3,	  1	  or	  3	  μM	  of	  Met-­‐enkephalin	  at	  25°	  C.	  
Apparent	  association	  rates	   (kobs)	  were	  measured	  by	  fitting	  to	  a	  exponential	  single-­‐phase	  
association	   function.	   n	   =	   3-­‐4	   independent	   experiments	   in	   triplicates.	   B.	   Linear	   fit	   of	   kobs	  
from	   average	   data	   of	   A	   plotted	   against	   relative	   concentrations	   for	   kon	   calculation.	   C.	  
Representative	   BRET	   recording	   from	   binding	   and	   unbinding	   of	   β-­‐arr2	   induced	   by	   1	   μM	  
Met-­‐enkephalin	   and	   30	   μM	   naloxone	   respectively.	   D.	   Time	   plot	   of	   β-­‐arr2	   dissociation	  
induced	   by	   naloxone	   in	   Met-­‐enkephalin-­‐activated	   cells	   at	   25°C	   that	   fitted	   to	   an	  
exponential	   one-­‐phase	   decay	   equation.	   Each	   point	   represents	   the	   mean	   ±	   S.E.M	   of	   5	  
independent	  experiments	  in	  triplicate	  from	  cells	  were	  treated	  with	  0.3	  μM	  or	  1	  μM	  Met-­‐
enkephalin	   followed	  by	   30	  μM	  naloxone.	   kon,	   koff,	   Kd	   and	   Tau	   values	   are	   summarized	   in	  
Table	  7.1.	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0.1	  
	  
6.65	  ±	  0.10	  
	  
Oxycodone	  
	  
	  
N.D.*	  
	  
110.1	  ±	  7.3	  
	  
	  
9.08	  
	  
	  
-­‐	  
	  
-­‐	  
	  
-­‐	  
	  
Morphine	  
	  
	  
N.D.	  
	  
77.05	  ±	  11.7	  
	  
	  
12.98	  
	  
	  
-­‐	  
	  
-­‐	  
	  
6.27	  ±	  0.25	  
	  
Oxymorpho
ne	  
	  
N.D.	  
	  
88.01	  ±	  15.9	  
	  
11.36	  
	  
-­‐	  
	  
-­‐	  
	  
6.69	  ±	  0.20	  
	  
Bilaid-­‐C2	  
	  
	  
N.D.	  
	  
112.2	  ±	  28.6	  
	  
	  
8.91	  
	  
	  
-­‐	  
	  
-­‐	  
	  
6.26	  ±	  0.39	  	  
Met-­‐enk	  
(25°C)	  
	  
0.24	  ±	  0.05	  
	  
8.41	  ±	  0.14	  
	  
118.9	  
	  
7.51	  ±	  
0.98	  
	  
3.5	  ±	  0.28	  
	  
-­‐	  
	  
*	  N.D.	  on-­‐rate	  could	  not	  determined	  for	  these	  drugs,	  as	  they	  are	  weak	  recruiters	  of	  β-­‐arr2	  
	  
Table	   7.1.	   Calculated	   kon,	   koff,	   Tauoff	   and	   Kd	   values	   of	   β-­‐arr2	   interaction	   with	   MOPr	  
induced	  by	  a	  series	  of	  agonists	  
	  
The	   kon	   values	   were	   estimated	   by	   plotting	   of	   the	   kobs	   values	   versus	   corresponding	  
concentrations.	  The	  slope	  of	  linear	  regression	  equals	  kon	  and	  the	  Y	  intercept	  equals	  koff.	  	  
To	   determine	   the	   actual	   koff	   β-­‐arr2	   unbinding	   curves	   were	   fitted	   to	   a	   single-­‐phase	  
exponential	   decay	   function.	   Kd	   values	   were	   calculated	   using	   kon	   and	   koff	   values	   (from	  
dephosphorylation	   curves).	   The	   pEC50	   values	   are	   obtained	   from	   the	   concentration-­‐
response	  data	  for	  β-­‐arr2	  recruitment	  in	  Chapter	  3	  kon,	  koff	  and	  Kd	  Values	  are	  represented	  
as	  mean	  ±	  S.E.M	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7.3.	  DISCUSSION:	  
In	  this	  study	  BRET	  was	  employed	  to	  compare	  the	  binding	  and	  unbinding	  kinetics	  of	  β-­‐arr2,	  
which	   induced	   by	   a	   wide	   range	   of	   MOPr	   agonists.	   Rapid	   increase	   in	   BRET	   ratio	   after	  
agonist	  exposure	  and	  fast	  decline	  after	  agonist	  dissociation	  from	  the	  receptor	  permitted	  
accurate	  determination	  and	  analysis	  of	  β-­‐arr2	  kinetics	   in	   real	   time	  and	   in	   live	  cells.	  This	  
study	   is	   the	  first	   to	  characterize	  β-­‐arr2	  kinetics	  when	  arrestin	  recruitment	   is	   induced	  by	  
different	  MOPr	  agonists.	  	  
	  
These	   results	  demonstrated	   that	   the	  kinetics	  of	  β-­‐arr2	   interaction	  with	  MOPr	   is	  agonist	  
dependent.	   Similar	   to	   the	   deactivation	   results	   from	   GIRK	   current	   and	   Ser375	  
phosphorylation,	   a	   profound	   correlation	   between	   β-­‐arr2	   dissociation	   rate	   and	  
internalization	  was	  observed.	  The	  rate	  of	  β-­‐arr2	  unbinding	  was	  faster	  from	  the	  receptors	  
activated	   by	   non-­‐internalizing	   agonists	   than	   internalizing	   agonists.	   The	   rank	   order	   of	  
Tauoff	  was:	  endomorphin-­‐2	  (68	  s)	  >	  Met-­‐enkephalin	  =	  methadone	  (43	  s)	  >	  DAMGO	  (32	  s)	  >	  
fentanyl	  	  (23	  s)	  >	  morphine	  (13	  s)	  >	  oxymorphone	  (11	  s)	  >	  oxycodone	  =	  Bilaid-­‐C2	  (9	  s).	  	  	  
	  
These	   results	   indicated	   that	   β-­‐arr2	   has	   different	   affinities	   to	   MOPr	   depending	   on	   the	  
agonist	   that	   activated	   the	   receptor.	  Agonists	   that	   promote	   robust	   internalization	   cause	  
greater	   β-­‐arr2	   affinity	   to	   the	   receptor.	   These	   divergences	   can	   be	   explained	   by	   distinct	  
receptor	   conformation	   induced	   by	   different	   agonists	   and	   receptor	   conformation	   in	   the	  
arrestin	  bound	  state	  presumably	  requires	  sustained	  occupancy	  of	  the	  receptor.	  
	  
It	   has	   been	   reported	   that	   μ-­‐opioid	   receptors	   activated	   by	   agonists	   like	   etorphine	   have	  
greater	   affinity	   for	   GRKs	   and	   arrestin	   recruitment	   than	   those	   activated	   by	   non-­‐
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internalizing	  agonists	  like	  morphine	  (Whistler	  et	  al.,	  1998;	  Zhang	  et	  al.,	  1998;	  Bohn	  et	  al.,	  
2004),	   and	   the	   stability	   of	   activated	   receptor	   for	   interaction	   with	   GRKs	   and	   arrestins	  
might	  be	  different	  among	  distinct	  agonist	  binding.	  	  
	  
It	   has	   been	   suggested	   that	   specific	   location	   of	   the	   activated-­‐receptor	   could	   have	   an	  
important	  influence	  on	  receptor	  interaction	  with	  downstream	  effectors	  like	  arrestins.	  The	  
dynamic	  and	  locations	  of	  MOPr	  are	  agonist-­‐dependent.	  For	  example,	  Saulière-­‐Nzeh	  et	  al.	  
(Saulière-­‐Nzeh	   et	   al.,	   2010)	   using	   fluorescence	   recovery	   after	   photobleaching	   (FRAP)	  
technique	   showed	   that	   morphine-­‐activated	   MOPr	   displayed	   more	   restricted	   diffusion,	  
whereas	   DAMGO-­‐activated	   receptors	   moved	   more	   freely	   where	   half	   of	   the	   receptors	  
exhibited	  free	  long-­‐range	  diffusion	  and	  the	  other	  half	  were	  possibly	  confined	  to	  clathrin-­‐
coated	   pits.	   Furthermore,	   morphine-­‐activated	   receptors	   remained	   in	   lipid	   rafts,	   while	  
etorphine-­‐activated	   receptors	  were	   translocated	   to	   the	   non-­‐raft	   domains	   (Zheng	   et	   al.,	  
2008b).	  	  
	  
It	   is	   widely	   accepted	   that	   cholesterol,	   a	   major	   compartment	   of	   membrane	   lipid,	   can	  
interact	   with	   membrane	   proteins	   and	   regulate	   MOPr	   signalling	   (Qiu	   et	   al.,	   2011).	  
Cholesterol	   is	   required	   to	   stabilize	   the	   receptor	   in	   a	   high	   affinity	   state	   for	   agonist	  
(Gaibelet	   et	   al.,	   2008;	   Levitt	   et	   al.,	   2009).	  Qiu	   et	   al.	   (Qiu	   et	   al.,	   2011)	   reported	   that	   β-­‐
arrestin	  translocation	  and	  also	  the	  rate	  and	  extent	  of	   internalization	  and	  desensitization	  
are	   dependent	   on	   membrane	   cholesterol	   level.	   Thus	   different	   agonist	   binding	   to	   the	  
receptor,	   results	   in	  distinct	  diffusion	  pattern	  of	  MOPr	  and	  accordingly	   receptors	  display	  
different	  affinities	  for	  downstream	  effectors	  like	  arrestins.	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Agonists	   have	   distinct	   efficacies	   to	   promote	   receptor	   phosphorylation.	   Recent	  
approaches	   by	   using	   site-­‐directed	   mutagenesis	   and	   phosphosite-­‐specific	   antibodies	  
indicated	   that	  morphine	   is	   a	  weak	   ligand	   to	   stimulate	  multisite	   phosphorylation	   in	   the	  
middle	  region	  of	  C-­‐terminal	  tail	  when	  compared	  to	  DAMGO	  (Doll	  et	  al.,	  2011;	  Lau	  et	  al.,	  
2011).	   DAMGO	   robustly	   phosphorylate	   Ser375	   and	   Thr370,	   whereas	   morphine	   weakly	  
induces	   Ser375	   phosphorylation	   and	   fails	   to	   promote	   Thr370	   phosphorylation.	   The	   low	  
affinity	   of	   β-­‐arr2	   for	   MOPr	   in	   morphine-­‐activated	   cells	   can	   be	   due	   to	   relatively	   low	  
efficacy	  of	  this	  agonist	  to	  stimulate	  efficient	  receptor	  phosphorylation.	  Therefore	  β-­‐arr2	  
dissociates	  more	   rapidly	   from	  morphine-­‐like	  agonists-­‐activated	   receptors	   in	   comparison	  
with	  agonists,	  which	  robustly	  induce	  phosphorylation.	  	  
	  
It	   has	   been	   well	   established	   that	   ERK1/2	   activation	   can	   be	   mediated	   by	   G-­‐protein	  
dependent	   or	   β-­‐arrestin-­‐dependent	   pathways.	   Zheng	   et	   al.	   (Zheng	   et	   al.,	   2008a)	  
demonstrated	  that	  agonists	   like	  morphine	  mediate	   fast	  activation	  of	  ERK1/2	   (2	  min)	  via	  
PKC-­‐dependent	   pathway	   and	   PKC	   is	   one	   of	   	   the	   common	   intermediates	   in	   G-­‐protein	  
dependent	  pathway.	  The	  activated	  ERK1/2	  remained	   in	   the	  cytosol	  and	  phosphorylated	  
90RSK,	   a	   cytosolic	   activated	   ERK1/2	   substrate,	   and	   activate	   transcription	   factors.	   In	  
contrast,	  agonists	  like	  etorphine,	  induce	  slower	  ERK1/2	  activation	  (10	  min)	  via	  β-­‐arrestin	  
dependent	   manner	   and	   in	   subsequence	   stimulate	   the	   translocation	   of	   phosphorylated	  
ERK1/2	   into	   nucleus	   with	   upregulation	   of	   GRK2	   and	   β-­‐arr2.	   It	   is	   likely	   that	   agonist-­‐
selective	  pathways	  for	  ERK1/2	  activation	  may	  affect	  the	  kinetics	  of	  the	  β-­‐arr2	  interaction,	  
and	   internalizing	   agonists	   like	   etorphine	   that	   activate	   ERK1/2	   in	   arrestin	   dependent	  
manner	  stimulate	  slower	  arrestin	  unbinding.	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Moreover	   this	   study	   revealed	   that	   β-­‐arr2	   translocation	   is	   temperature	   dependent	   and	  
reducing	  the	  temperature	  from	  37°C	  to	  25°C	  slowed	  both	  association	  and	  dissociation	  of	  	  
β-­‐arr2	   in	   Met-­‐enkephalin-­‐activated	   cells.	   These	   data	   were	   compatible	   with	   the	  
observation	  that	  rate	  of	  dephosphorylation	  in	  DAMGO-­‐activated	  cells	  significantly	  altered	  
by	  reducing	  the	  temperature,	  whereas	  no	  difference	  was	  seen	  in	  morphine-­‐activated	  cells	  
(Chapter	   6).	   DAMGO	   robustly	   recruits	   β-­‐arr2	   and	   also	   β-­‐arr1	   in	   some	   extent.	   Since	  
reducing	  the	  temperature	  makes	  β-­‐arrestin	  binding	  and	  unbinding	  events	  slower,	  the	  rate	  
of	   dephosphorylation	   that	   requires	   arrestin	   unbinding	   will	   be	   influenced	   in	   DAMGO-­‐
treated	  cells.	  Conversely,	  changing	  the	  temperature	  from	  37°C	  to	  25°C	  had	  no	  effects	  on	  
the	   rate	   of	   dephosphorylation	   in	  morphine-­‐treated	   cells,	   as	  morphine	   is	   a	  weak	   β-­‐arr2	  
recruiter.	  	  
	  
Equilibrium	  dissociation	  constant	  was	  calculated	  from	  the	  kon	  and	  the	  koff	  (obtained	  from	  
β-­‐arr2	  dissociation	  kinetics.	  Based	  on	  the	  operational	  model	  of	  Black-­‐Leff,	  the	  potency	  of	  
an	  agonist	  can	  be	  defined	  as	  the	  following	  equation	  (Black	  et	  al.,	  1983):	  
	  
𝐸𝐶!" = 𝐾!(2 + 𝜏!)!/! − 1 	  
	  
Therefore,	   the	   EC50	   values	   for	   high	   efficacy	   agonists	   would	   be	   smaller	   than	   the	  
dissociation	   constant	   if	   the	   slope	  of	  dose-­‐response	   curve	  was	  not	   significantly	  different	  
from	  the	  unity	  (n	  =	  1).	  In	  the	  Table	  7.1	  the	  EC50	  values	  obtained	  from	  steady	  states	  data	  in	  
Chapter	  3	  were	  compared	  with	  KA	  data.	  There	   is	  a	   reasonable	  correspondence	  between	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dissociation	   constant	   and	   EC50	   values,	   where	   the	   more	   efficacious	   agonists	   in	   this	  
pathway	  show	  more	  difference	  between	  these	  two	  values.	  
	  
It	   should	   be	   noted	   that	   the	   AtT20	   cells	   were	   transiently	   co-­‐transfected	   with	   GRK2	   to	  
enhance	  the	  agonist-­‐induced	  BRET	  signal.	  GRK2	   is	  often	  overexpressed	   in	  GPCRs	  due	  to	  
increasing	  the	  assay	  sensitivity	  for	  BRET	  detection	  (Allen	  et	  al.,	  2011;	  Frölich	  et	  al.,	  2011).	  
However,	   the	  agonist	  affinity	  and	  probably	   the	  kinetics	  can	  be	  considerably	  affected	  by	  
extent	  of	  GRK2	  expression.	  It	  has	  been	  reported	  that	  overexpression	  of	  GRK2	  in	  U2OS	  cell	  
line	   stably	   expressing	  MOPr	   and	   arrestin,	   enhanced	   the	   potency	   of	   all	   partial	   and	   full	  
agonists	   over	   10	   fold	   in	   arrestin	   assay	   and	   also	   increased	   the	   intrinsic	   activity	   of	  weak	  
partial	  agonists	  such	  as	  morphine	  at	  the	  same	  assay.	  The	  increase	  in	  agonist	  affinity	  was	  
insensitive	   to	   the	   number	   of	   receptors,	   suggesting	   that	   GRK2	   overexpression	   stabilize	  
distinct	  pharmacological	  receptor	  conformations	  (Nickolls	  et	  al.,	  2013).	  
	  
Moreover,	  it	  has	  been	  previously	  reported	  that	  the	  dissociation	  kinetic	  was	  dependent	  to	  
the	   agonist	   binding	   duration	   time.	   Radiobinding	   assay	   in	   hippocampal	   synaptic	   plasma	  
membrane	   indicated	   that	   shorter	   agonist	   association	   time	   results	   in	   faster	   agonist	  
dissociation.	   However	   in	   the	   presence	   of	   sodium,	   dissociation	   rate	   was	   unaffected	   by	  
agonist	  incubation	  time;	  suggesting	  the	  role	  of	  G-­‐proteins	  in	  the	  slowing	  of	  the	  unbinding	  
rate	   (Scheibe	   et	   al.,	   1984).	   These	   results	   were	   in	   agreement	   with	   more	   recent	  
observations	   indicated	   that	   prolonged	   opioid	   application	   increased	   the	   fluorescently	  
labeled	   opioid	   agonist	   affinity	   for	   MOPr	   (Birdsong	   et	   al.,	   2013).	   The	   discrepancies	   in	  
incubation	  time	  should	  be	  considered	  since	  there	  were	  subtle	  differences	  in	  the	  duration	  
of	  agonist	  exposure	  between	  different	  assays.	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The	  present	  study	   illustrated	  that	  the	  kinetics	  of	  β-­‐arr2	   interaction	  with	  MOPr	   is	   ligand-­‐
dependent.	   The	   rate	   of	   β-­‐arr2	   dissociation	   is	   relatively	   slower	   for	   internalizing	   agonists	  
compared	   to	  non-­‐internalizing	   ligands.	   These	   results	  were	  also	   strongly	   correlated	  with	  
GIRK	   deactivation	   and	   Ser375	   dephosphorylation	   rates.	   Agonist	   with	   the	   greater	   time	  
constant	   for	   current	   deactivation	   and	   Ser375	  dephosphorylation	   exhibited	   slower	   β-­‐arr2	  
unbinding,	  suggesting	  that	  sustained	  occupancy	  of	  MOPr	  in	  the	  phosphorylated	  state	  and	  
its	  affinity	  to	  interact	  with	  β-­‐arr2	  is	  reflected	  by	  higher	  agonist	  affinity	  for	  GIRK	  activation.	  
As	   shown	   in	   figure	   7.6	   there	   is	   a	   strong	   positive	   correlation	   between	   rates	   of	   GIRK	  
deactivation,	  Ser375	  dephosphorylation	  and	  β-­‐arr2	  dissociation,	  where	  endomorphin-­‐2	  has	  
the	   slowest	  off-­‐rate	   in	  all	  pathways	  whereas	  Bilaid-­‐C2	  exhibited	   the	   fastest	  dissociation	  
rates.	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Figure	   7.6.	   Correlation	   of	   off-­‐rate	   kinetics	   of	   opioid	   agonists	   for	   β-­‐arr2	   binding	   with	  
GRIK	  current	  and	  Ser375	  phosphorylation	  
	  
Panel	  A	  shows	  the	  relationship	  between	  GIRK	  current	  decline	  and	  corresponding	  off-­‐rate	  
values	   for	   β-­‐arr2	   recruitment.	   Panel	   B	   shows	   the	   correlation	   between	   rate	   kinetics	   of	  
Ser375	   dephosphorylation	  and	  β-­‐arr2	  unbinding.	   The	  off-­‐rate	  data	   for	  GIRK,	  arrestin	  and	  
phosphorylation	  were	  obtained	  from	  Table	  5.1,	  6.1	  and	  7.1	  respectively.	  R2	  and	  Pearson	  r	  
values	  represent	  goodness	  of	  fit	  and	  correlation	  coefficient	  from	  linear	  regression.	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8.	  Thesis	  conclusions	  and	  discussion	  
Chronic	  pain	  is	  a	  prevalent	  health	  issue,	  which	  affect	  15%	  to	  25%	  of	  adult’s	  life	  with	  an	  
increase	  to	  50%	  in	  those	  over	  65	  years	  old	  (Brennan	  et	  al.,	  2007).	  Opioid	  analgesics	  are	  
the	  most	   efficacious	   drugs	   for	   treatment	   of	  many	   types	   of	   pain	   including	   acute	   and	  
chronic	  pain	  that	  hold	  the	  major	  market	  share	  of	  pain	  medications	  (Melnikova,	  2010).	  
However,	  the	  clinical	  utility	  of	  opioids	  is	  limited	  by	  their	  severe	  adverse	  effects	  such	  as	  
respiratory	   depression,	   severe	   constipation,	   tolerance,	   physical	   dependence	   and	  
addiction.	  In	  vivo	  studies	  using	  knockout	  animals	  demonstrated	  that	  MOPr	  subtype	  is	  
responsible	  for	  the	  therapeutic	  effects	  of	  the	  most	  clinically	  used	  opioids,	  for	  instance	  
all	   the	  pharmacological	  activities	  of	  morphine	  are	  abolished	   in	  animals	   lacking	  MOPr	  
(Kieffer	  et	  al.,	  2002).	  	  
	  
Numerous	   studies	   have	   been	   devoted	   to	   understanding	   the	   molecular	   and	   cellular	  
mechanisms	  that	  are	  associated	  with	  physiological	  and	  behavioural	  responses	  in	  order	  
to	  develop	  analgesics	  that	  selectively	  provide	  pain	  relief	  while	  do	  not	  exhibit	  unwanted	  
side	  effects.	  	  
	  
The	  MOPr	  belongs	  to	  the	  seven-­‐transmembrane	  (7TM)	  receptor	  family	  also	  known	  as	  
G-­‐protein	   couple	   receptor	   (GPCR),	   which	   mediates	   the	   opioids	   effects	   by	   coupling	  
predominantly	   to	   the	   pertussis	   toxin-­‐sensitive	   Gαi/o	   proteins.	   Agonist	   occupied	  
activated-­‐MOPr	  transduces	  a	  varying	  of	  cellular	  signalling	  cascades	  including	  activation	  
of	   inwardly	   rectifying	   potassium	   channels	   (GIRK	   channels),	   blockade	   of	   voltage-­‐
dependent	   calcium	   conductance,	   inhibition	   of	   adenylyl	   cyclase	   and	   promoting	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signalling	   through	   several	   second-­‐messenger	   pathways.	   Like	   most	   of	   the	   GPCRs,	  
agonist-­‐activated	   MOPr	   signalling	   can	   be	   regulated	   by	   receptor	   desensitization,	  
internalization	   and	   resensitization	   according	   to	   the	   extent	   and	   duration	   of	   a	   given	  
agonist.	   These	   initial	   signalling	   cascades	   are	   crucial	   for	   understanding	   of	   early	  
processes	  associated	  with	  tolerance	  and	  dependence	  at	  the	  MOPr.	  	  
	  
A	  large	  body	  of	  evidence	  over	  the	  past	  few	  years	  indicated	  that	  MOPr	  agonists	  activate	  
the	   intracellular	   signalling	   pathways	   in	   a	   ligand-­‐specific	   manner.	   For	   example	   an	  
agonist	   that	   fully	   activates	   the	   G-­‐protein	   coupling	   may	   have	   very	   low	   efficacy	   for	  
inducing	  arrestin	   recruitment	  or	   internalization.	  The	   functional	   selectivity	  of	  agonists	  
therefore	  cannot	  be	  simply	  described	  by	  two	  active	  and	  inactive	  conformational	  states	  
of	  receptors.	  Recent	  molecular	  modeling	  of	  the	  proteins	  demonstrated	  that	  receptors	  
are	  highly	  dynamic,	  while	  different	  agonists	  may	  stabilize	  distinct	  active	  conformations	  
of	   the	  receptor	   (Deupi	  et	  al.,	  2010;	  Kenakin	  et	  al.,	  2012a).	  The	  data	  presented	   in	  my	  
thesis	   suggest	   that	   another	   mechanism,	   agonist	   dissociation	   kinetics,	   may	   also	  
contribute	  to	  bias.	  
	  
The	   phenomenon	   of	   functional	   selectivity	   or	   biased	   agonism	  offers	   new	   approaches	  
for	   development	   of	   novel	   pathway-­‐selective	   drugs	   that	   stabilize	   particular	  
conformations	   of	   the	   receptor	   with	   bias	   towards	   desired	   signalling	   endpoints	   and	  
away	  from	  pathways	  responsible	  for	  unwanted	  physiological	  responses.	  For	  example,	  
β-­‐arr2	  plays	  a	   regulatory	   role	   in	  morphine-­‐mediated	  responses;	   it	  has	  been	  reported	  
that	   analgesic	   effects	   of	   morphine	   enhanced	   and	   prolonged	   in	   mice	   lacking	   β-­‐arr2	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while	   the	   respiratory	   depression	   and	   acute	   constipation	   were	   significantly	   reduced	  
(Raehal	   et	   al.,	   2005).	   Such	  observations	   suggested	   that	   agonists	  with	   significant	  bias	  
towards	  G-­‐protein	  coupling	  and	  away	  from	  arrestin	  would	  be	  potential	  candidates	  for	  
pain	   management	   (Chen	   et	   al.,	   2013).	   Therefore	   identification	   and	   accurate	  
quantification	  of	  biased	  agonism	  followed	  by	  correct	  interpretations	  are	  fundamental	  
requirements	  for	  generating	  pathway-­‐specific	  analgesics.	  
	  
As	   discussed	   in	   Chapter	   3	   and	   4,	   the	   relative	   transduction	   ratio	   method	   developed	  
from	  operational	  model	  of	  Black-­‐Leff,	   is	  one	  the	  most	  comprehensive	  and	  applicable	  
approaches	  to	  characterize	  the	  biased	  agonism	  regardless	  of	  the	  effect	  of	  the	  system.	  
By	   fitting	   the	   concentration-­‐response	   curves	   of	   functional	   data	   to	   this	   model,	  
functional	   efficacy	   and	   affinity	   can	   be	   determined	   as	   a	   single	   parameter	   termed	  
transduction	  coefficient	  (τ/KA)	  (Kenakin	  et	  al.,	  2012b).	  	  	  	  
	  
In	  this	  study	  relative	  effectiveness	  of	  a	  wide	  range	  of	  MOPr	  agonists	  was	  determined	  
for	  four	  signalling	  outputs	  including	  GIRK	  activation	  mediated	  by	  G	  protein	  βγ-­‐subunit,	  
Ser375	  phosphorylation,	  βarr-­‐2	  recruitment	  and	  internalization	  in	  AtT20-­‐MOPr	  cultured	  
cells	   under	   similar	   conditions	   at	   35-­‐37	   °C.	   The	   results	   exhibited	   a	   strong	   positive	  
correlation	   between	   Ser375	   phosphorylation,	   βarr-­‐2	   recruitment	   and	   internalization	  
while	   no	   significant	   pattern	   was	   observed	   for	   the	   relative	   effectiveness	   induced	   by	  
opioid	   ligands	   between	   GIRK	   activation	   with	   three	   other	   pathways.	   Furthermore,	   in	  
agreement	   with	   previous	   studies	   (Borgland	   et	   al.,	   2003;	   McPherson	   et	   al.,	   2010;	  
Molinari	   et	   al.,	   2010),	   these	   results	   indicated	   that	   each	   agonist	   may	   have	   different	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affinities	   for	   a	   given	   receptor	   when	   couple	   to	   different	   signalling	   pathways.	   For	  
example,	   the	  potency	  of	  opioid	  agonists	   for	   internalization	  was	  up	   to	  100-­‐fold	   lower	  
than	   correspondence	   values	   for	   GIRK	   activation.	   These	   observations	   suggest	   that	  
agonists	  have	  a	  greater	  level	  of	  receptor	  reserve	  for	  upstream	  signalling	  pathways	  such	  
as	   G-­‐protein	   coupling	   over	   phosphorylation	   or	   internalization,	   hence	   for	   a	   given	  
agonist	   more	   receptor	   occupancy	   is	   required	   to	   stimulate	   subsequent	   downstream	  
pathways.	  
	  
Quantification	  of	  bias	  using	   the	   “transduction	   ratio”	  method	  demonstrated	   that	  bias	  
toward	  GIRK	  activation	   is	  completely	  distinct	   from	  three	  other	  pathways.	  Bilaid-­‐C2	   is	  
one	   of	   the	   ligands	  with	   an	   extreme	   bias	   towards	  G-­‐protein	   coupling.	   Bilaid-­‐C2	   is	   an	  
effective	   agonist	   for	   GIRK	   activation;	   the	   results	   in	   Chapter	   4	   showed	   that	   the	  
effectiveness	  of	  Bilaid-­‐C2	  was	  not	  significantly	  different	  from	  DAMGO	  in	  this	  pathway.	  
In	  contrast,	  Bilaid-­‐C2	  poorly	  stimulated	  Ser375	  phosphorylation	  and	  βarr-­‐2	  recruitment,	  
and	  also	  failed	  to	  promote	  receptor	  internalization.	  On	  the	  other	  hand,	  DAMGO	  was	  a	  
full	   agonist	   in	   all	   four	   pathways,	  while	  morphine	  was	   a	   partial	   agonist	  with	   a	   lower	  
activity	  in	  all	  pathways	  compared	  to	  DAMGO.	  	  
	  
Agonists	  such	  as	  Bilaid-­‐C2	  that	  activate	  one	  pathway	  but	  do	  not	  produce	  a	  response	  in	  
another	   pathway	   are	   promising	   ligands	   in	   the	   field	   of	   drug	   discovery.	   These	   ligands	  
that	   also	   referred	   as	   ‘perfect	   bias’	   (Kenakin	   et	   al.,	   2012a)	   can	   be	   used	   in	   order	   to	  
associate	  the	  physiological	  responses	  to	  the	  specific	  signalling	  pathways.	  	  
	  
202
However,	  as	  discussed	  in	  Chapter	  4	  the	  bias	  for	  such	  agonists	  cannot	  be	  quantified	  by	  
relative	  transduction	  ratio	  model.	  Measurement	  of	  log	  (τ/KA)	  values	  requires	  at	  least	  a	  
minimum	  response;	  therefore	  the	  calculation	  of	  bias	  factor	  for	  an	  agonist	  that	  fails	  to	  
activate	  a	  particular	  pathway	  remained	  a	  challenge	  (van	  der	  Westhuizen	  et	  al.,	  2014).	  	  	  
	  
It	  has	  been	  proposed	  that	   fitting	   the	  concentration-­‐response	  data	   to	   the	  operational	  
model	   of	   Black-­‐Leff,	   in	   which	   the	   equilibrium	   dissociation	   constant	   values	   are	  
constrained	  to	  those	  derived	  from	  a	  separate	   ligand	  binding	  assay,	  provides	  the	  best	  
approach	  to	  quantify	  bias	  even	  for	  the	  weak	  partial	  agonists	  (Rajagopal	  et	  al.,	  2011).	  In	  
this	   regard	   the	   concentration-­‐response	   data	   of	   all	   four	   pathways	   reanalyzed	   by	   this	  
model	  and	  the	  equilibrium	  dissociation	  constant	  were	  fixed	  to	  an	   independent	  single	  
KA	   estimated	   from	   fractional	   receptor	   inactivation	   developed	   by	   Furchgott	   et	   al.	  
(1967).	  As	   shown	   in	   Chapter	   4,	   GIRK	   current	   data	   was	   robustly	   fit	   to	   the	   nonlinear	  
operational	  model,	   however	   fitting	   the	  data	  of	  other	  pathways	   showed	   large	  errors.	  
These	  findings	  were	  in	  agreement	  with	  Kenakin	  and	  Christopoulos’s	  (2012)	  statement	  
suggesting	   that	   the	   affinity	   of	   an	   agonist	  may	   change	  when	   the	   receptor	   couples	   to	  
different	   signalling	   pathways	   and	   in	   this	   case	   the	   bias	   factor	   quantifications	   were	  
prone	   to	   significant	   errors.	   Consistently,	   a	   recent	   study	   on	   different	   derivatives	   of	  
dopamine	  receptor	  ligands,	  reported	  that	  subtle	  structural	  modification	  of	  one	  of	  the	  
compounds,	   significantly	   increased	   the	   ligand	   affinity	   for	   dopamine	   receptor	   in	   the	  
radioligand	  binding	  while	  the	  affinity	  for	  ERK1/2	  and	  cAMP	  assays	  did	  not	  significantly	  
change	   from	  the	  original	   ligand	   (Shonberg	   et	  al.,	   2013),	   suggesting	   that	  agonists	   can	  
have	   distinct	   affinities	   for	   a	   given	   receptor	   in	   the	   presence	   of	   different	   signalling	  
effectors.	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This	  notion	  was	  also	  confirmed	  when	  the	  functional	  dissociation	  constants	  were	  used	  
for	  fitting	  the	  data.	  It	  should	  be	  considered	  that	  the	  functional	  KA	  values	  could	  only	  be	  
estimated	   for	  partial	   agonists	   from	   the	   transduction	   ratio	  model.	   Therefore	   the	   true	  
functional	  KA	  was	   calculated	   from	   the	  agonist’s	   association	  and	  dissociation	   constant	  
rates.	   The	   concentration-­‐response	   curves	   of	   β-­‐arr2	   were	   robustly	   fitted	   to	   the	  
operational	  model	  when	  the	  KA	  was	  fixed	  to	  that	  determined	  from	  β-­‐arr2	  kinetics	  data.	  	  
	  
Taken	  together,	  these	  observations	  strongly	  suggested	  that	  fixing	  the	  KA	  values	  to	  the	  
functional	  affinity	  of	  each	  particular	  pathway	  can	  estimate	  the	  true	  bias	  even	  for	  very	  
low	   efficacy	   agonists.	   However,	   the	   rate	   kinetics	   for	   some	   signalling	   pathways	   are	  
quite	  fast	  and	  cannot	  be	  accurately	  quantified	  with	  the	  methods	  used	  here.	  Reducing	  
the	   temperature	   to	   22-­‐25°C	   slows	   the	   signalling	   events	   that	   allows	   a	   careful	  
comparison	   between	   different	   agonists.	   Therefore	   to	   quantify	   the	   bias	   for	   all	   the	  
agonists,	   it	   would	   be	   worthy	   to	   perform	   the	   on-­‐	   and	   off-­‐rate	   experiments	   at	   room	  
temperature	   for	  all	  pathways	   in	  order	   to	  calculate	  an	  accurate	  KA	  values	   that	  can	  be	  
applicable	   for	   the	   operational	  model.	   The	  major	   difficulty	  with	   this	   approach	   is	   that	  
endocytosis	   is	   very	   inefficient	   at	   low	   temperature.	   Alternatively,	   receptor	   depletion	  
can	  be	  used	  for	  quantifying	  the	  KA	  values.	  In	  this	  case,	  concentration-­‐response	  curves	  
are	   constructed	   before	   and	   after	   fractional	   receptor	   inactivation	   for	   each	   signalling	  
pathway	   and	   the	   functional	   KA	  is	   determined	   for	   the	   given	   agonists	   in	   the	   particular	  
pathway.	  	  
	  
The	  agonist	  activity	  at	   the	   receptor	   is	   characterized	  by	   three	   fundamental	  molecular	  
properties;	  affinity	  for	  binding	  to	  the	  receptor,	  binding	  sustainability	  (dissociation	  rate,	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receptor	   coverage)	   and	   their	   ability	   to	   produce	   a	   response.	   These	   properties	   are	  
intrinsic	   for	   each	   agonist-­‐receptor	   couples;	   hence	   they	   can	   be	   employed	   to	  
characterize	   the	   agonist	   activity	   for	   a	   specific	   receptor	   regardless	   of	   the	   effect	   of	  
system	   (Kenakin,	   2013).	   Agonist	   efficacies	   and	   affinities	   for	   different	   signalling	  
endpoints	  were	  determined	  in	  the	  first	  part	  of	  this	  study	  and	  described	  as	  τ/KA	  values	  
in	   Chapter	   4.	   The	   kinetics	   of	   opioid-­‐receptor	   interaction	   was	   quantified	   for	   GIRK	  
current	  as	  a	  rapid	  indicator	  of	  G-­‐protein	  activation	  and	  also	  for	  Ser375	  phosphorylation	  
and	  βarr-­‐2	  recruitment.	  	  
	  
The	  present	  study	  illustrated	  that	  the	  kinetics	  of	  MOPr	  for	  all	  signalling	  pathways	  were	  
ligand-­‐dependent.	  There	  was	  a	  strong	  correlation	  for	  the	  off-­‐rate	  among	  all	  pathways,	  
where	   an	   agonist	   with	   the	   greater	   time	   constant	   for	   GIRK	   current	   deactivation	  
exhibited	  relatively	  slower	  Ser375	  dephosphorylation	  and	  β-­‐arr2	  unbinding,	  suggesting	  
that	  higher	  agonist	  affinity	  for	  GIRK	  activation	  reflects	  sustained	  occupancy	  of	  MOPr	  in	  
the	  phosphorylated	  state	  and	  the	  greater	  affinity	  to	  interact	  with	  β-­‐arr2.	  For	  example,	  
endomorphin-­‐2	   has	   the	   slowest	   off-­‐rate	   in	   all	   pathways	  whereas	   Bilaid-­‐C2	   exhibited	  
the	   fastest	   dissociation	   rate.	   It	   is	  widely	   assumed	   that	   phosphorylation	   and	   arrestin	  
binding	   require	   agonist	   occupied	   receptors	   and	   the	   present	   results	   provide	   strong	  
evidence	   that	   this	   is	   the	   case.	   The	   pattern	   of	   agonist	   kinetics	  was	   highly	   associated	  
with	  the	  agonist	  ability	  to	  induce	  internalization	  and	  could	  be	  a	  major	  determinant	  of	  
bias	  towards	  endocytosis.	  	  
	  
As	   discussed	   earlier,	   kinetics	   are	   agonist	   dependent	   and	   unique	   for	   each	   specific	  
ligand-­‐receptor	  pair,	  therefore	  to	  reveal	  the	  intrinsic	  off-­‐rate	  kinetic	  a	  rapid	  unbinding	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of	   agonist	   from	   activated	   receptor	   is	   necessary	   that	   can	   be	   achieved	   by	   delivery	   of	  
sufficient	   and	   saturating	   concentrations	   of	   the	   antagonist	   naloxone	   to	   prevent	   re-­‐
association	   of	   agonist	   as	   it	   is	   being	   washed	   from	   the	   assay	   system.	   In	   Chapter	   6	   I	  
demonstrate	   that	   inclusion	   of	   naloxone	   has	   a	   profound	   effect	   on	   the	   off-­‐rate	   of	  
morphine	  in	  the	  phosphorylation	  assay.	  Since	  the	  agonist	  and	  antagonist	  compete	  for	  
a	   common	   binding	   site,	   their	   relative	   affinity	   and	   concentrations	   specify	   which	  
molecule	  occupies	  the	  site.	  Hence	  in	  the	  presence	  of	  high	  concentrations	  of	  naloxone	  
and	  the	  low	  concentration	  of	  agonist	  (below	  the	  EC50	  during	  washout),	  the	  antagonist	  
can	  compete	  with	  the	  agonist	  and	  the	  possibility	  of	  agonist	  rebinding	  is	  prevented.	   It	  
should	  be	  taken	  into	  account	  that	  the	  off-­‐rate	  kinetic	  can	  be	  limited	  by	  naloxone	  if	  the	  
agonist	   intrinsic	   off-­‐rate	  was	   faster	   than	   naloxone	   binding	   rate.	   Naloxone	   binding	   is	  
not	  rate-­‐limiting	  for	  phosphorylation	  and	  arrestin	  recruitment	  since	  the	  time	  constant	  
of	   naloxone	  binding	   is	   less	   than	  1	   second	   as	   determined	   in	   both	   acutely	   isolated	   LC	  
neurons	  with	  rapid	  solution	  exchange	  (Ingram	  et	  al.,	  1997)	  and	  LC	  neurons	  using	  caged	  
naloxone	  (Banghart	  et	  al.,	  2013)	  while	  the	  time	  constant	  for	  the	  arrestin	  unbinding	  and	  
dephosphorylation	  started	  from	  8	  and	  70	  second	  respectively.	  However,	   it	  was	  not	  a	  
limiting	   step	   for	   GIRK	   deactivation	   rates	   since	   for	   all	   the	   agonist	   determined	   in	   this	  
study	   the	   Tauoff	  was	   more	   than	   2	   second,	   suggesting	   that	   the	   kinetic	   data	   reflects	  
agonist	   dissociation.	   Although	   the	   time	   constant	   of	   deactivation	   for	   the	   agonists	  
followed	  the	  same	  pattern	  in	  different	  pathways,	  the	  Tauoff	  values	  were	  distinct	  with	  a	  
rank	  order	  of	  Ser375	  dephosphorylation	  >	  βarr-­‐2	  dissociation	  >	  GIRK	  deactivation.	  The	  
discrepancy	   can	   be	   simply	   explained	   by	   the	   order	   of	   events	   occurring	   after	   agonist	  
unbinding.	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It	  should	  be	  noted	  that	  the	  agonist	  affinity	  and	  probably	  the	  off-­‐rate	  kinetics	  might	  be	  
affected	  by	  duration	  of	  agonist	  exposure.	  Radiobinding	  assay	  in	  hippocampal	  synaptic	  
plasma	  membrane	   indicated	   that	   increasing	   the	   time	  of	   agonist-­‐receptor	   interaction	  
caused	  slower	  dissociation	  rate	  (Scheibe	  et	  al.,	  1984).	  Consistently	  more	  recent	  studies	  
indicated	  that	  prolonged	  opioid	  application	  increased	  the	  fluorescently	  labeled	  opioid	  
agonist	   affinity	   for	   MOPr	   (Birdsong	   et	   al.,	   2013).	   However,	   the	   rate	   of	   potassium	  
current	  decline	  increased	  under	  the	  same	  condition,	  suggesting	  that	  prolonged	  agonist	  
exposure	   can	   result	   in	   two	  distinct	   agonist	   unbinding	   kinetics:	   low	   affinity	   receptors	  
that	   are	   functional	   and	   high-­‐affinity	   receptors	   most	   likely	   non-­‐functional	   (Williams,	  
2014).	  
	  
Furthermore,	   different	   conditions	   that	   have	   been	   used	   for	   each	   assay	  must	   be	   also	  
considered	  when	  the	  off-­‐rates	  are	  compared.	  GRK2	  was	  co-­‐expressed	  in	  AtT20	  cells	  to	  
increase	  the	  assay	  sensitivity	  for	  BRET	  detection.	  However,	   it	  has	  been	  reported	  that	  
the	  extent	  of	  GRK2	  can	  affect	  on	  the	  agonist	  affinity	  and	  probably	  the	  kinetics.	   It	  has	  
been	  reported	  that	  overexpression	  of	  GRK2	   in	  U2OS	  cell	   line	  stably	  expressing	  MOPr	  
and	   arrestin,	   enhanced	   the	   intrinsic	   activity	   of	   very	   weak	   partial	   agonists	   such	   as	  
morphine	  while	  had	  no	  effect	  on	  the	  intrinsic	  activity	  of	  endomorphins,	  indicated	  that	  
the	  effect	  of	  GRK2	  overexpression	  on	  the	  agonist	  intrinsic	  activity	  was	  not	  uniform.	  In	  
addition,	  the	  potency	  of	  both	  partial	  and	  full	  agonists	   increased	  more	  than	  10-­‐fold	  in	  
an	  arrestin	  assay	  when	  GRK2	  was	  overexpressed.	  The	   increase	   in	  agonist	  affinity	  was	  
insensitive	  to	  the	  number	  of	  receptors,	  suggesting	  that	  GRK2	  overexpression	  stabilize	  
distinct	  pharmacological	  receptor	  conformations	  (Nickolls	  et	  al.,	  2013).	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In	   general	   AtT20	   cell	   line	   is	   a	  model	   system	   that	   is	   advantageous	   to	   determine	   the	  
mechanisms	   underlying	   bias	   in	   terms	   of	   binding	   kinetics	   of	   agonists.	   However,	   it	  
should	  be	  noted	  that	  capacity	  of	  some	  agonists	  varies	  in	  different	  tissues	  and	  cellular	  
compartments.	   For	   example,	   morphine	   fails	   to	   induce	   internalization	   in	   LC	  
(Arttamangkul	   et	   al.,	   2008)	   but	   efficiently	   promotes	   endocytosis	   in	   dendrites	   of	  
nucleus	   accumbens	   neurons	   (Haberstock-­‐Debic	   et	   al.,	   2005).	   In	   addition,	   morphine	  
produces	   no	   desensitization	   in	   some	   neurones	   such	   as	   LC	   (Blanchet	   et	   al.,	   2002),	  
whereas	  a	  considerable	  desensitization	  can	  be	  observed	  in	  AtT20	  cells	  (Borgland	  et	  al.,	  
2003).	   Adaptive	   processes	   also	   vary	   between	   pre-­‐	   and	   post-­‐synaptic	   terminals.	   One	  
remarkable	   difference	   is	   the	   inability	   to	   induce	   MOPr	   desensitization	   in	   the	   pre-­‐
synaptic	   terminals	   (Fyfe	   et	   al.,	   2010;	  Pennock	   et	   al.,	   2011).	  Nonetheless	   the	  present	  
work	   identifies	   a	   fundamental	   mechanism	   of	   MOR-­‐agonist	   interaction	   that	   should	  
apply	  to	  all	  tissues,	  regardless	  of	  impact	  of	  the	  system.	  
	  
It	   has	  been	   reported	   that	   the	  membrane	   location	  and	  mobility	  of	   activated	  MOPr	   is	  
agonist-­‐dependent	  and	  could	  have	  an	  important	  influence	  on	  receptor	  interaction	  with	  
downstream	   effectors.	   For	   example,	   Saulière-­‐Nzeh	   et	   al.	   (2010)	   using	   fluorescence	  
recovery	   after	   photobleaching	   (FRAP)	   technique	   showed	   that	   receptor	   diffusion	  was	  
considerably	   different	   after	   application	   of	   morphine	   and	   DAMGO	   in	   SH-­‐SY5Y	  
neuroblastoma	  cells	  expressing	  MOPr.	  Like	   inactivated	  receptors,	  morphine-­‐activated	  
MOPr	   displayed	   more	   restricted	   diffusion	   which	   was	   mostly	   limited	   to	   joined	  
semipermeable	   domains	   whereas	   DAMGO-­‐activated	   receptors	   moved	   more	   freely	  
where	  half	  of	  the	  receptors	  exhibited	  free	  long-­‐range	  diffusion	  and	  the	  other	  half	  were	  
possibly	   confined	   to	   clathrin-­‐coated	   pits	   (Saulière-­‐Nzeh	   et	   al.,	   2010).	   Furthermore,	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morphine-­‐activated	   receptors	   remained	   in	   lipid	   rafts,	   while	   etorphine-­‐activated	  
receptors	  were	  translocated	  to	  the	  non-­‐raft	  domains	  (Zheng	  et	  al.,	  2008).	  
Agonist-­‐dependent	   potassium	   current	   decline	   may	   arise	   from	   the	   activation	   of	  
different	   states	   of	   the	   receptor	  with	   respect	   to	   G-­‐protein	   association.	   Imaging	   from	  
GFP-­‐tagged	   G-­‐protein	   Gα	   subunit	   indicated	   that	   restricting	   MOPr	   mobility	   in	   the	  
surface	  of	   cerebellar	  granule	  neurons	   reduced	  G-­‐proteins	  mobility,	   suggesting	   that	  a	  
proportion	   of	   receptors	   are	   transiently	   pre-­‐coupled	   in	   the	   absence	   of	   the	   agonist	  
(Lober	   et	   al.,	   2006).	   It	   has	   been	   thought	   that	   pre-­‐coupled	   GPCRs	   to	   G-­‐proteins	   can	  
contribute	  to	  more	  rapid	  signalling	  compared	  to	  those	  are	  not	  pre-­‐associated	  with	  G-­‐
proteins	  (Philip	  et	  al.,	  2007;	  Lohse	  et	  al.,	  2008;	  Vilardaga,	  2010).	  However	  whether	  or	  
not	  these	  kinds	  of	  different	  states	  of	  MOPr	  can	  be	  activated	  in	  an	  agonist-­‐dependent	  
fashion	  and	  whether	  or	  not	  this	  is	  related	  to	  unbinding	  kinetics	  is	  not	  yet	  resolved	  and	  
further	  studies	  are	  needed	  to	  determine	  this	  for	  a	  range	  of	  agonists.	  	  
	  
Taken	  together,	  this	  study	  demonstrated	  that	  off-­‐rates	  of	  MOPr	  agonists	  for	  different	  
signalling	   pathways	   are	   strongly	   linked	   and	   display	   a	   positive	   correlation	   with	   the	  
agonist	   ability	   for	   inducing	   internalization.	   Slowly	   dissociating	   agonists,	   e.g.	  
endomorphins,	  produce	  greater	  endocytosis	   relative	   to	   their	   initial	   signalling	  efficacy	  
than	  rapidly	  dissociating	  agonists;	  therefore	  the	  internalization	  ability	  of	  an	  agonist	  can	  
be	  characterized	  by	  duration	  of	  receptor	  occupancy	  that	   is	   intrinsic	   for	  each	  agonist-­‐
receptor	  pair.	  
	  
In	   future	   studies	   it	  would	  be	   interesting	   to	   investigate	   the	  off-­‐rate	  kinetics	   for	   these	  
signalling	   pathways	   when	   internalization	   is	   blocked	   because	   some	   endocytosis	   may	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have	   occurred	   within	   the	   time	   course	   of	   some	   assays.	   It	   is	   also	   remains	   to	   be	  
investigated	   how	   the	   agonist	   kinetics	   alter	   after	   prolonged	   agonist	   exposure.	   It	   will	  
establish	  whether	  tolerance	  is	  associated	  with	  changing	  in	  agonist	  affinity	  for	  signalling	  
pathways	  when	  receptors	  are	  chronically	  exposed	  to	  opioids.	  Moreover,	  it	  is	  important	  
to	  demonstrate	  the	  association	  of	  agonist	  kinetic	  and	  bias	  with	  the	  rate	  and	  extent	  of	  
desensitization	  and	  resensitization	  in	  further	  studies.	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